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Q = 25.41(H-HQ0)1.67

R² = 0.9859
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Datos INADatos

Parte medida







Cámara

Láser

Patrón de partículas

Lente semi-cilíndrica

Flujo



𝑈𝑠 

∆𝑈 𝑈

∆𝑈 = 𝑈𝑝 − 𝑈 = 𝑑𝑝
2
𝜌𝑝 − 𝜌

18𝜇
𝑎

𝑑𝑝 𝜌𝑝 𝜌

𝜇 𝑎



𝐴 𝐵

𝐶(𝑚, 𝑛) =∑∑𝐴(𝑖, 𝑗)𝐵(𝑖 − 𝑚, 𝑗 − 𝑛)

𝑗𝑖

𝐴 𝐵 𝐴 𝐵

𝐴 𝐵

Original CLAHE Paso-altoOriginal
Filtro
CLAHE

Filtro
Paso-alto



𝐶

𝐴 𝐵

𝐴 𝐵

𝐴 𝐴



desp. x=-2, y=1 desp. x=0, y=0 desp. x=4, y=4

desp. x=-2, y=-3 desp. x=2, y=-2

Matriz de correlación



𝑥 𝑦

0 1 2 3 4 5 6

posición [pixel]

in
te

n
si

d
ad
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e

 la
 m

at
ri

z 
d

e
 c

o
rr

el
ac

ió
n

posición entera del pico posición sub-pixel del pico



𝑥𝐴⃗⃗⃗⃗ 𝑥𝐵⃗⃗⃗⃗ ∆𝑡

𝑢⃗ =
𝑥𝐵⃗⃗⃗⃗ − 𝑥𝐴⃗⃗⃗⃗ 

∆𝑡



𝐼(𝑥, 𝑦) = 𝑎 ∙ 𝑒
(−
(𝑥−𝑥0)

2+(𝑦−𝑦0)
2

2𝜎2
)

A

B

C



𝐼(𝑥, 𝑦) (𝑥, 𝑦) 𝑎 𝜎

(𝑥0, 𝑦0)

 𝑎 𝜎 (𝑥0, 𝑦0)

𝑎

𝑎

𝜎 (𝑥0, 𝑦0)

 

(𝑥0, 𝑦0)

(𝑥0, 𝑦0)

𝑟(𝑥0, 𝑦0) =

∑ ∑ (𝐼(𝑖, 𝑗) − 𝐼)(𝐼𝑚(𝑖, 𝑗) − 𝐼𝑚)
𝑦0+

𝑛
2

𝑖=𝑦0−
𝑛
2

𝑥0+
𝑚
2

𝑖=𝑥0−
𝑚
2

√∑ ∑ (𝐼(𝑖, 𝑗) − 𝐼)
2𝑦0+

𝑛
2

𝑖=𝑦0−
𝑛
2

𝑥0+
𝑚
2

𝑖=𝑥0−
𝑚
2

 √∑ ∑ (𝐼𝑚(𝑖, 𝑗) − 𝐼𝑚)
2𝑦0+

𝑛
2

𝑖=𝑦0−
𝑛
2

𝑥0+
𝑚
2

𝑖=𝑥0−
𝑚
2

𝑟(𝑥0, 𝑦0) (𝑥0, 𝑦0) 𝐼(𝑖, 𝑗)

 (𝑖, 𝑗) 𝐼𝑚(𝑖, 𝑗)

(𝑖, 𝑗)

𝑚 × 𝑛 𝐼 𝐼𝑚

 

 



∆𝑡

𝑡 = 𝑡0
𝑡 = 𝑡0 + ∆𝑡

𝑖𝑒𝑚𝑝 𝑁 𝑁

𝑖𝑒𝑚𝑝
𝑗𝑒𝑚𝑝 𝑀

𝑀

𝑙𝑤 𝑥 𝑖𝑒𝑚𝑝

𝑦 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝)

𝑥 𝑖𝑒𝑚𝑝
𝑙𝑤 𝑙𝑤
𝑖

𝑖

𝑦 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝)

𝑗(𝑖𝑒𝑚𝑝) = 1, 2, … , 𝑛𝑖𝑒𝑚𝑝 𝑛𝑖𝑒𝑚𝑝
𝑖

𝑅 =
∑ ∑ (𝐴𝑚𝑛 − 𝐴̅)𝑁𝑀 (𝐵𝑚𝑛 − 𝐵̅)

√(∑ ∑ (𝐴𝑚𝑛 − 𝐴̅)
2

𝑛𝑚 )(∑ ∑ (𝐵𝑚𝑛 − 𝐵̅)
2

𝑛𝑚 ) 



𝑅 𝐴 𝐵 𝑚 ×

𝑛 𝐴̅ 𝐵̅

𝑥 𝑖𝑒𝑚𝑝
𝑦 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝)

𝑑 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝) = 𝑢⃗ 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝)∆𝑡 𝑢⃗ 𝑗𝑒𝑚𝑝(𝑖𝑒𝑚𝑝)

𝒚⃗⃗ 𝟐𝒆𝒎𝒑Matriz de 
referencia Selección de candidatas

Imagen a Imagen a 



 

 

 

 









 



 

 

 



ℝ3 ↦ ℝ2

(𝑥, 𝑦)

(𝑋, 𝑌, 𝑍) (𝑥, 𝑦)

(𝑋, 𝑌, 𝑍)

a) b)





𝑃

𝑃 = (𝑥, 𝑦)

(𝑥, 𝑦)

𝑃̃ = (𝑥, 𝑦, 1)

𝑃̃ = (𝑥̃, 𝑦̃, 𝑧̃)

𝑥 =
𝑥̃

𝑧̃
𝑦 =

𝑦̃

𝑧̃

(
𝑥̃
𝑦̃
𝑧̃
) = (

𝑓 0 0 0
0 𝑓 0 0
0 0 1 0

)(

𝑋
𝑌
𝑍
1

)

𝑋 𝑌 𝑍 𝑥̃ 𝑦̃ 𝑧̃

𝑓

𝑥 =
𝑓𝑋

𝑍
𝑦 =

𝑓𝑌

𝑍

𝑍

𝑥̃ = 𝑓𝑋 𝑦̃ = 𝑓𝑌 𝑧̃ = 𝑍



(
𝑢̃
𝑣̃
𝑤̃
) =

(

 
 

1

𝜌𝑢
0 𝑢0

0
1

𝜌𝑣
𝑣0

0 0 1 )

 
 
(
𝑓 0 0 0
0 𝑓 0 0
0 0 1 0

)(
𝐑 𝑻
𝟎1×3 1

)
−1

(

𝑋
𝑌
𝑍
1

)

𝑢̃ 𝑣̃ 𝑤̃ 𝜌𝑢 𝜌𝑣
𝑢0 𝑣0

(
𝐑 𝑻
𝟎1×3 1

) 𝐑

𝑻

𝐑 𝑻

𝑪



(
𝑢̃
𝑣̃
𝑤̃
) = (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34

)(

𝑋
𝑌
𝑍
1

)

𝑢 =
𝑢̃

𝑤̃
𝑣 =

𝑣̃

𝑤̃

𝑢  𝑣

𝑪 𝑃

𝑪 = (
512 −800 0 800
512 0 −800 1600
1 0 0 0

) ;    𝑃 = (
5
2
0
)

𝑢 = 352 𝑣 = 832

𝜆

(
𝑢̃
𝑣̃
𝑤̃
) = 𝜆 (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34

)(

𝑋
𝑌
𝑍
1

)

𝐶34

(
𝑢̃
𝑣̃
𝑤̃
) = (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 1

)(

𝑋
𝑌
𝑍
1

)

𝑍 = 0

0

(
𝑢̃
𝑣̃
𝑤̃
) = (

𝐻11 𝐻12 𝐻13
𝐻21 𝐻22 𝐻23
𝐻31 𝐻32 1

)(
𝑋
𝑌
1
)



𝐻 𝐻

𝑯
𝑾

𝒙𝒄  𝒚𝒄 𝒛𝒄

a) b)



(
𝑥̃
𝑦̃
𝑧̃
) = (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34

)(

𝑋
𝑌
𝑍
1

)

𝑥 =
𝐶11𝑋 + 𝐶12𝑌 + 𝐶13𝑍 + 𝐶14
𝐶31𝑋 + 𝐶32𝑌 + 𝐶33𝑍 + 𝐶34

𝑦 =
𝐶21𝑋 + 𝐶22𝑌 + 𝐶23𝑍 + 𝐶24
𝐶31𝑋 + 𝐶32𝑌 + 𝐶33𝑍 + 𝐶34

𝑥(𝐶31𝑋 + 𝐶32𝑌 + 𝐶33𝑍 + 𝐶34) = 𝐶11𝑋 + 𝐶12𝑌 + 𝐶13𝑍 + 𝐶14

𝑦(𝐶31𝑋 + 𝐶32𝑌 + 𝐶33𝑍 + 𝐶34) = 𝐶21𝑋 + 𝐶22𝑌 + 𝐶23𝑍 + 𝐶24

𝐶31𝑥𝑋 + 𝐶32𝑥𝑌 + 𝐶33𝑥𝑍 + 𝐶34𝑥 = 𝐶11𝑋 + 𝐶12𝑌 + 𝐶13𝑍 + 𝐶14

𝐶31𝑦𝑋 + 𝐶32𝑦𝑌 + 𝐶33𝑦𝑍 + 𝐶34𝑦 = 𝐶21𝑋 + 𝐶22𝑌 + 𝐶23𝑍 + 𝐶24

𝐶31𝑥𝑋 + 𝐶32𝑥𝑌 + 𝐶33𝑥𝑍 + 𝐶34𝑥 − 𝐶11𝑋 − 𝐶12𝑌 − 𝐶13𝑍 − 𝐶14 = 0

𝐶31𝑦𝑋 + 𝐶32𝑦𝑌 + 𝐶33𝑦𝑍 + 𝐶34𝑦 − 𝐶21𝑋 − 𝐶22𝑌 − 𝐶23𝑍 − 𝐶24 = 0



(
−𝑋 −𝑌 −𝑍 −1 0 0 0 0 𝑥𝑋 𝑥𝑌 𝑥𝑍 𝑥
0 0 0 0 −𝑋 −𝑌 −𝑍 −1 𝑦𝑋 𝑦𝑌 𝑦𝑍 𝑦

) ∙

(

 
 
 
 
 
 
 
 
 
 

𝐶11
𝐶12
𝐶13
𝐶14
𝐶21
𝐶22
𝐶23
𝐶24
𝐶31
𝐶32
𝐶33
𝐶34)

 
 
 
 
 
 
 
 
 
 

= (
0
0
)

𝑁

(

 
 
 
 
 
 
 
 
 
 
 
 

−𝑋1 −𝑌1 −𝑍1 −1 0 0 0 0 𝑥1𝑋1 𝑥1𝑌1 𝑥1𝑍1 𝑥1
0 0 0 0 −𝑋1 −𝑌1 −𝑍1 −1 𝑦1𝑋1 𝑦1𝑌1 𝑦1𝑍1 𝑦1
−𝑋2 −𝑌2 −𝑍2 −1 0 0 0 0 𝑥2𝑋2 𝑥2𝑌2 𝑥2𝑍2 𝑥2
0 0 0 0 −𝑋2 −𝑌2 −𝑍2 −1 𝑦2𝑋2 𝑦2𝑌2 𝑦2𝑍2 𝑦2
−𝑋3 −𝑌3 −𝑍3 −1 0 0 0 0 𝑥3𝑋3 𝑥3𝑌3 𝑥3𝑍3 𝑥3
0 0 0 0 −𝑋3 −𝑌3 −𝑍3 −1 𝑦3𝑋3 𝑦3𝑌3 𝑦3𝑍3 𝑦3
−𝑋4 −𝑌4 −𝑍4 −1 0 0 0 0 𝑥4𝑋4 𝑥4𝑌4 𝑥4𝑍4 𝑥4
0 0 0 0 −𝑋4 −𝑌4 −𝑍4 −1 𝑦4𝑋4 𝑦4𝑌4 𝑦4𝑍4 𝑦4
−𝑋5 −𝑌5 −𝑍5 −1 0 0 0 0 𝑥5𝑋5 𝑥5𝑌5 𝑥5𝑍5 𝑥5
0 0 0 0 −𝑋5 −𝑌5 −𝑍5 −1 𝑦5𝑋5 𝑦5𝑌5 𝑦5𝑍5 𝑦5
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

−𝑋𝑁 −𝑌𝑁 −𝑍𝑁 −1 0 0 0 0 𝑥𝑁𝑋𝑁 𝑥𝑁𝑌𝑁 𝑥𝑁𝑍𝑁 𝑥𝑁
0 0 0 0 −𝑋𝑁 −𝑌𝑁 −𝑍𝑁 −1 𝑦𝑁𝑋𝑁 𝑦𝑁𝑌𝑁 𝑦𝑁𝑍𝑁 𝑦𝑁)

 
 
 
 
 
 
 
 
 
 
 
 

∙

(

 
 
 
 
 
 
 
 
 
 

𝐶11
𝐶12
𝐶13
𝐶14
𝐶21
𝐶22
𝐶23
𝐶24
𝐶31
𝐶32
𝐶33
𝐶34)

 
 
 
 
 
 
 
 
 
 

=

(

 
 
 
 
 
 
 
 
 
 
 

0
0
0
0
0
0
0
0
0
0
⋮
⋮
0
0)

 
 
 
 
 
 
 
 
 
 
 

𝑪

𝐴 = 𝑈 ∗ 𝑆 ∗ 𝑉𝑇

𝐴 𝑈 𝑉

𝑆

𝑪 𝑉



(

𝑉1,12 𝑉2,12 𝑉3,12 𝑉4,12
𝑉5,12 𝑉6,12 𝑉7,12 𝑉8,12
𝑉9,12 𝑉10,12 𝑉11,12 𝑉12,12

) (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34

)

a) b)





Inicio

Fín





(
𝑋
𝑌
1
) = 𝐻−1 (

𝑥̃
𝑦̃
1
)

𝑥𝑖
𝐹⃗⃗ ⃗⃗ = 𝑥𝑖

𝑂⃗⃗ ⃗⃗  + 𝑑𝑖⃗⃗  ⃗

𝑑𝑖⃗⃗  ⃗ 𝑖 𝑥𝑖
𝑂⃗⃗ ⃗⃗  𝑥𝑖

𝐹⃗⃗ ⃗⃗ 

𝑥𝑖
𝑂⃗⃗ ⃗⃗  𝑥𝑖

𝐹⃗⃗ ⃗⃗ 

(
𝑋𝑖
𝑂

𝑌𝑖
𝑂

1

) = 𝐻−1(
𝑥𝑖
𝑂

𝑦𝑖
𝑂

1

) (
𝑋𝑖
𝐹

𝑌𝑖
𝐹

1

) = 𝐻−1 (
𝑥𝑖
𝐹

𝑦𝑖
𝐹

1

)

𝑋𝑖
𝑂⃗⃗ ⃗⃗  ⃗ 𝑋𝑖

𝐹⃗⃗ ⃗⃗  

𝐷𝑖⃗⃗  ⃗

𝐷𝑖⃗⃗  ⃗ = 𝑥𝑖
𝐹⃗⃗ ⃗⃗ − 𝑥𝑖

𝑂⃗⃗ ⃗⃗  





 









(b)(a)

(c) (d)



σ σ

“i” 𝑥 𝑖
lw 



j(i) 𝑦 𝑗(𝑖) 𝑈⃗⃗ 𝑖
“i”

 i j(i) iU = y - x / Δt

i 













 







 

 

 

Diagrama de flujo del sistema de análisis de gran escala. Los 

módulos en azul forman parte de la caja de herramientas RIVeR.



(

𝑋𝑝
𝑌𝑝
1

) = 𝐾𝐾 (
𝑋𝑑
𝑌𝑑
1
)

𝐾𝐾 = (
𝑓𝑐𝑥 𝑎𝑙𝑝ℎ𝑎0 ∗ 𝑓𝑐𝑥 𝑐𝑐𝑥
0 𝑓𝑐𝑦 𝑐𝑐𝑦
0 0 1

)

 𝑋𝑝 𝑌𝑝 𝑋𝑑 𝑌𝑑
𝑓𝑐𝑥 𝑓𝑐𝑦

𝑐𝑥𝑥 𝑐𝑐𝑦

𝑎𝑙𝑝ℎ𝑎0

 𝐾𝐾







(
𝑥̃
𝑦̃
𝑧̃
) = (

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34

)(

𝑋𝑟
𝑌𝑟
𝑍𝑟
1

)

𝑥̃  𝑦,̃ 𝑧̃



𝑥 =
𝑥̃

𝑧̃
𝑦 =

𝑦̃

𝑧̃

(

𝑋𝑝
𝑌𝑝
1

) = (

𝐻11 𝐻12 𝐻13
𝐻21 𝐻22 𝐻23
𝐻31 𝐻32 1

)(
𝑋𝑟
𝑌𝑟
1
)

𝑋𝑟  𝑌𝑟

𝑑𝑖⃗⃗  ⃗ = 𝑋𝑝𝑖
𝑒 − 𝑋𝑝𝑖

𝑜

𝑑𝑖⃗⃗  ⃗ 𝑋𝑝𝑖
𝑜 𝑋𝑝𝑖

𝑒



𝐷𝑖⃗⃗  ⃗ = 𝑋𝑟𝑖
𝑒 − 𝑋𝑟𝑖

𝑜

𝐷𝑖⃗⃗  ⃗ 𝑋𝑟𝑖
𝑜 𝑋𝑟𝑖

𝑒

𝑉𝑖⃗⃗ = 𝐷𝑖⃗⃗  ⃗/∆𝑡

∆𝑡

∆𝑡



H





𝑄



ℎ𝑖 y ℎ𝑖+1
𝑉𝑠𝑖 y 𝑉𝑠𝑖+1

Sección transversal (ver ) batimetría importada con la 

etapa de agua disponible. 

𝑄𝑠 = ∑ 𝑑 ∙ (ℎ𝑖 + ℎ𝑖+1/2) ∙ (𝑉𝑠𝑖 + 𝑉𝑠𝑖+1/2)
𝑁−1
𝑖=1

 𝑄𝑠

α

𝑄 =  𝛼 ∙ 𝑄𝑠

α

α



α





 





.  

Sitio de medición emplazado en un tramo del río San Antonio en 

proximidades de la localidad de Cuesta Blanca 



 





Flujo sembrado con dos trazadores diferentes en el tramo 

seleccionado del rio San Antonio en proximidades de la localidad de Cuesta 
Blanca. Izquierda: tapas plásticas abrochadas entre sí cuyo diámetro comercial 
es 63 mm. Derecha: naranjas (de diámetro medio similar a las tapas plásticas). 





Ejemplo de rectificación digital de la zona de interés del río San 

Antonio al primer tramo: A la izquierda imagen original de la zona de interés 
con los 4 puntos de control, a la derecha la misma imagen rectificada en un 

plan ortogonal. Para disminuir el costo computacional, en el post-
procesamiento, una imagen única es rectificada para poder graficar encima los 

resultados rectificados. 

Marco de tamaño de 3m x 6m construido con tuberías de 

polipropileno bicapa de 1.27cm de diámetro, utilizado para la rectificación digital 
de imágenes registradas en la sección de medición sobre el Rio San Antonio, 

en Carlos Paz



Campos de velocidades medias de flujo interpolados [m/s] y 

rectificados del río San Antonio en Cuesta Blanca (izquierda) y en el ejido urbano 
de la ciudad de Villa Carlos Paz (derecha).

𝑅𝑀𝑆 = 0.089 0.083



𝑅𝑀𝑆 = 0.089

Perfiles transversales de velocidades medias de flujo medidos con 

molinete y PTV en la sección relevada en el río San Antonio en Cuesta Blanca. 
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Perfiles transversales de velocidades medias de flujo medidos 

con molinete y PTV en el sección relevada en el río San Antonio en el ejido 
urbano de la ciudad de Villa Carlos Paz.
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Resumen de los caudales medidos para los casos diferentes.

A continuación se sintetizan algunas de las principales fuentes de errores 

detectadas en la implementación de la técnica de LS PTV en gran escala para 

estimar caudales de aguas superficiales en cursos fluviales:  
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https://my.usgs.gov/confluence/pages/viewpage.action?pageId=546865360


 

 

 

 

 

 

https://wistia.com/blog/stabilizing-handheld-video


 

 

 

 



 



 

CP2

CP1

CP3

CP4

CP2

CP1

CP3

CP4



CP2CP1

CP3CP4

CP1

CP4



 

 

 



 



 





 

Área de baja 
resolución espacial





 







α

α

α



 

α



α

α



 

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35 40 45 50 55

ve
lo

ci
d

ad
 [

m
/s

]

progresiva [m]

ADCP (0.07m) LSPIV



SC_1



12

12.5

13

13.5

14

14.5

0 2 4 6 8 10 12 14 16 18 20

ve
lo

ci
d

ad
 [

m
/s

]

progresiva [m]

Series1velocidad superficial



 



Niño

Adulto



 







 

 

 





.). 



tiempo



ampo de desplazamiento medio de la superficie en el área de 

interés 



















 







α

















 α entre la velocidad media y la 

velocidad superficial en un perfil de vertical según el tramo de río aforado. 

 La evaluación de los errores en la cuantificación de caudal según la posición 

de la cámara digital con respeto a la superficie del agua. Actualmente el grupo 

de investigación está utilizando imágenes sintéticas de perfiles de velocidad 

conocidos para evaluar el error debido al ángulo de la cámara.

 La herramienta computacional RIVeR presentada en el Capítulo IV será 

sometida a una revisión rigurosa para que cumpla con los requisitos 

necesarios de ingeniera de software al fin de tener un producto profesional. 

El  freeware tendrá una Licencia Pública General de GNU.
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Evaluación experimental de la técnica de velocimetría por seguimiento  
de partículas a gran escala para la determinación de caudales en ríos serranos

experimental evaluation of large scale particle tracking velocimetry technique 
for flow discharge measurements in mountains rivers

Antoine Patalano1, C. Marcelo García1-3, Nicolás Guillén1, Cesar García2-3,  
Érica Díaz1-3, Andrés Rodriguez1-3 y Andrés Ravelo 3-4

RESUMEN
Este trabajo presenta una evaluación experimental de una técnica de cuantificación de caudales de aguas superficiales 
en ríos serranos de la provincia de Córdoba. Los ríos serranos de la provincia de Córdoba se caracterizan por su alta 
variabilidad temporal definida por la ocurrencia de crecientes repentinas o torrenciales de corta duración y gran velocidad 
de la corriente (en épocas de lluvias) y por la presencia de periodos extensos de estiaje (período de aguas bajas) con 
caudales del orden de unos cientos de litros por segundo lo que dificulta la selección de una técnica experimental óptima 
para todas las condiciones de flujo presentes durante un año. En este trabajo se presenta como alternativa una técnica 
remota para estimar el caudal escurrido en un curso fluvial en al ámbito serrano implementando a gran escala la técnica 
de velocimetría por seguimiento de partículas (de sus siglas en inglés LS PTV) la cual puede ser aplicada eficiente-
mente en periodos de aguas bajas y medias con un bajo costo relativo. El campo de velocidad superficial determinado 
experimentalmente con LS PTV en un curso fluvial sembrado con partículas o trazadores y la batimetría de la sección 
transversal conocida permiten realizar estimaciones del caudal escurrido. La metodología experimental propuesta es 
validada con resultados obtenidos utilizando simultáneamente otras técnicas en el río San Antonio en la región serrana de 
la provincia de Córdoba, en dos secciones diferentes, Cuesta Blanca y Villa Carlos Paz, en condiciones de aguas bajas y 
medias, respectivamente. Finalmente, se discuten las posibles fuentes de errores involucradas en la implementación de 
la metodología experimental presentada. 
Palabras claves: Métodos experimentales, Medición de caudales, LS PTV.

ABSTRACT

This paper presents a validation of an experimental technique for surface water flows discharge measurements in moun-
tain rivers of the of Córdoba province. The mountain rivers of the Córdoba province are characterized by high temporal 
variability defined by the occurrence of flash floods with very high volumes of fast flows (during the rainy season) and the 
presence of extended periods of low water conditions with flow rates of the order of a few hundred liters per second which 
makes difficult the selection of an optimal experimental technique for flow discharge measurement for the different  flow 
conditions present during the year. This paper presents an alternative remote experimental technique, estimating flow 
discharges in rivers of mountain areas, based on large scale particle tracking velocimetry technique (LS PTV) which can 
be applied efficiently in periods of low and medium flow conditions with relatively low cost. The surface flow velocity field 
sampled using LS PTV in a fluvial reach seeded with tracer particles and the cross section bathymetry allow flow discharge 
estimation. The proposed experimental technique is validated with results obtained using other experimental techniques 
simultaneously in the San Antonio river in the mountainous region of the of Córdoba province, Argentina, at two different 
locations (Cuesta Blanca and Villa Carlos Paz). Finally, a discussion is performed on sources of error involved in the imple-
mentation of the LS PTV. 
Keywords: Experimental Method, Flow discharge measurements, LS PTV.
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Introducción

El manejo sustentable del recurso hídrico superficial 
requiere una cuantificación precisa de la disponibili-
dad del mismo para que los planes de gestión de ese 
recurso sean eficientes. La magnitud que cuantifica 
la disponibilidad del agua superficial en cursos flu-
viales para su uso como provisión de agua potable, 
riego o generación de energía hidroeléctrica es el 
caudal. Los modelos numéricos continuos de simula-
ción hidrológica son herramientas muy útiles para la 
predicción y pronóstico de caudales escurridos, pero 
su calibración y validación requiere determinaciones 
experimentales precisas de caudales escurridos su-
perficialmente tanto en épocas de aguas altas (creci-
das) como de aguas bajas (estiaje). 
En este trabajo se evalúa experimentalmente una 
técnica específica de cuantificación de aguas super-
ficiales en ríos serranos de la provincia de Córdoba, 
que escurren en una región perteneciente a las zo-
nas áridas y semiáridas de la República de Argen-
tina. La técnica evaluada se basa en la implement-
ación a gran escala (LS) de una técnica no intrusiva 
de Velocimetría por Seguimiento de Partículas (PTV) 
que permitiría a priori obtener descripciones de los 
campos superficiales de flujo en cursos fluviales du-
rante periodos de aguas bajas y altas. La técnica de 
PTV (también conocida como Velocimetría lagrangi-
ana por imágenes de partículas) consiste en obtener 
(desde una de las márgenes o desde un puente) imá-
genes digitales de la posición de trazadores previa-
mente “sembrados” en el agua a intervalos constan-
tes de tiempo. En base a dos imágenes capturadas 
en un intervalo de tiempo conocido, se identifican 
(mediante el uso de programas computacionales es-
pecíficos) las posiciones de los trazadores en cada 
imagen. En los casos en que se cuenta con una ubi-
cación oblicua de la cámara digital en relación al pla-
no superficial de movimiento de las partículas (situ-
ación habitual en la implementación a gran escala) 

es necesario rectificar las coordenadas de los traza-
dores. Finalmente, se calcula el desplazamiento de 
los trazadores en dos imágenes sucesivas, el cual 
dividido el tiempo de exposición entre las imágenes 
permite obtener el vector de velocidad superficial del 
flujo para cada trazador. Para validar esta técnica, 
en este trabajo, los resultados obtenidos con LS PTV 
se los compara con resultados de aforos realizados 
con instrumental convencional (molinete) y con Per-
filadores de corriente acústicos Doppler –ADCP, dis-
ponible desde hace pocos años para su implement-
ación en aguas poco profundas.

Sitios de Medición, Instrumental y  
Metodología

Los sitios de medición evaluados en este trabajo 
constituyen dos tramos de un curso fluvial emplaza-
do en la cuenca alta del Río Suquía (Primero) en la 
zona serrana de provincia de Córdoba en Argentina. 
El primer sitio de medición (Figura 1) está emplaza-
do en un tramo del río San Antonio en proximidades 
de la localidad de Cuesta Blanca (aguas arriba y al 
sur de la ciudad de Villa Carlos Paz) lo que permite 
cuantificar el flujo superficial aguas abajo de la toma 
de agua de la ciudad de Villa Carlos Paz y localida-
des vecinas. Al momento de realizar el trabajo expe-
rimental, la sección de este tramo donde se realiza-
ron las mediciones tenía un ancho aproximado de 6 
m y una profundidad máxima aproximada de 0.6m. 
El segundo tramo (Figura 2) se encuentra en el ejido 
urbano de la ciudad de Villa Carlos Paz. La sección 
del tramo donde se realizaron las mediciones tenía al 
momento de la medición un ancho aproximado de 12 
m y una profundidad máxima aproximada de 1.0m. 
Las condiciones analizadas en ambas secciones 
corresponden a periodos de aguas bajas y medias, 
respectivamente. Trabajos experimentales en desa-
rrollo prevén la realización de trabajos de campo en 
periodos de crecidas. 

Figura 1. Sitio de medición emplazado en un tramo del río San Antonio  
en proximidades de la localidad de Cuesta Blanca.
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Figura 2. Sitio de medición emplazado en un tramo del río San Antonio  
en el ejido urbano de la localidad de Villa Carlos Paz.

Para ambos casos, se realizó primero una cuantifi-
cación del caudal superficial (aforo) por método de 
vadeo (sección media) con un molinete a eje vertical 
(Modelo 6215 USGS Tipo AA-MH Tipo AA). Además 
se utilizó un perfilador de corriente acústico Doppler 
ADCP RiverSurveyor S5 YSI/Sontek. Este último 
está equipado con un GPS que permite obtener en 
forma alternativa la posición del perfilador en cada 
instante del recorrido con una resolución del orden 
del 0.01m. Además, este perfilador cuenta con un dis-
positivo denominado “SmartPulse”, el cual en base a 
la profundidad, velocidad y niveles de turbulencia del 
flujo, adapta el esquema de pulso acústico para esas 
condiciones con el fin de proveer la máxima resolu-
ción de datos de velocidad (en las tres dimensiones), 
lo que permite capturar perfiles de velocidad de flu-
jo con una frecuencia de 1 Hz y tamaños de celda 
pequeños de hasta 0.02m. Con el ADCP instalado 
sobre una plataforma móvil (Figura 3), se realizaron 

números pares de transectas o cruces (de ida y vuel-
ta para evitar efectos direccionales) muestreando el 
campo de flujo y la batimetría de la sección evaluada 
de manera de completar un tiempo total de medición 
superior a los 12 minutos (Tarrab et al. 2012) con el 
fin de minimizar la incertidumbre asociada a la deter-
minación experimental de caudales de flujo. Para es-
timar la velocidad en las regiones no medidas del flu-
jo, en la parte superior (debido a la sumergencia del 
instrumento) e inferior (para evitar interferencias del 
fondo en el pulso acústico) se ajustó una ley poten-
cial de velocidades sobre todo el perfil de velocidades 
(exponente = 1/6). Las velocidades no medidas en la 
margen derecha e izquierda (zonas de menor profun-
didad) se estimaron utilizando el método recomenda-
do para cursos con márgenes con pendiente. El valor 
del caudal determinado con esta tecnología consiste 
en el promedio de los caudales cuantificados en to-
das las transectas realizadas en cada sección.

Figura 3. Medición con ADCP en la sección de estudio en el río San Antonio  
en proximidades de la localidad de Cuesta Blanca.
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En relación a las mediciones con la técnica LS PTV se 
utilizaron dos trazadores diferentes para caracterizar 
el campo de velocidad superficial en el primer tramo 
seleccionado del rio San Antonio en en proximidades 
de la localidad de Cuesta Blanca (Figura 1) con el 
fin de evaluar la sensibilidad de los resultados a la 
selección del trazador óptimo. Uno de los trazadores 
seleccionados son elementos formados por dos 
tapas plásticas abrochadas entre sí cuyo diámetro 
comercial es 63 mm logrando cierto peso de forma tal 
que la acción del viento no modifique su velocidad, 

manteniendo la flotabilidad y constituyendo partículas 
simétricas respecto de sus dos caras (Figura 4). 
Los motivos de la elección son fundamentalmente 
su visibilidad y bajo costo. Se ensayó además una 
alternativa que consiste en el uso de naranjas (de 
diámetro medio similar a las tapas plásticas) como 
trazadores naturales. En la sección de medición en 
el segundo tramo del río en el ejido urbano de la 
localidad de Villa Carlos Paz, se utilizaron solamente 
naranjas a partir de los buenos resultados obtenidos 
en el primer tramo de Cuesta Blanca. 

Figura 4. Trazadores utilizados para caracterizar el campo de velocidad superficial  
en el tramo seleccionado del primer sitio en la sección de estudio en el río San Antonio  

en proximidades de la localidad de Cuesta Blanca.

Figura 5. Flujo sembrado con dos trazadores diferentes en el tramo seleccionado del rio San Antonio  
en proximidades de la localidad de Cuesta Blanca. Izquierda: tapas plásticas abrochadas entre sí cuyo  

diámetro comercial es 63 mm. Derecha: naranjas (de diámetro medio similar a las tapas plásticas). 

La cámara de fotografía digital utilizada en la 
primera sección de medición fue una Sony RX-
100, que registra videos con una resolución de 
1444x1080 pixeles a 30 cuadros por segundo con 
un sensor CMOS. En la implementación de LS 
PTV en la sección del río emplazada en el ejido 
urbano de Villa Carlos Paz se utilizó una cámara 
digital (Sony WX300) montada sobre un trípode que 
permite enfocar todo el ancho del río. La cámara 

digital registra un video de alta definición con una 
resolución de 1920 x 1080 pixeles a una frecuencia 
de 30 cuadros por segundo con un sensor CMOS. 
En ambos tramos, la cámara digital fue ubicada 
sobre una de las márgenes de manera tal que la 
zona capturada incluya la región donde se realizaron 
las mediciones con ADCP y molinete. En las 
imágenes capturadas la zona de interés se muestra 
en perspectiva por lo que se ve distorsionada 
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debido a que la cámara se colocó oblicuamente al 
plano de la superficie libre (ver por ejemplo Figura 
5 para la primera sección de medición). Por ello, 
los resultados obtenidos con PTV se corrigieron 
para rectificar las coordenadas de la imagen a 
una proyección ortogonal (Patalano et al. 2013b). 
Para cada medición se registró un video de 60s de 
duración a 30 imágenes por segundos. La secuencia 
metodológica desarrollada en la implementación de 
PTV se detalla a continuación: 
a)	 Pre-procesamiento de imagen que consiste a 

transformar las imágenes en escala de gris, subs-
traer de las imágenes el “fondo” (todo lo que no 
sea partículas) y detectar cada una de las partícu-
las: el “fondo” de las imágenes se obtiene calcu-
lando el promedio de toda la serie de imágenes. 
Según las partículas usadas, diferentes filtros son 
utilizados sobre las imágenes de tal manera que 
las partículas sean blancas con una distribución 
gaussiana a partir del centroide de ellas hacia 
fuera. Cuando se resta el fondo de cada imagen 
individualmente se quedas las partículas blancas 
sobre un fondo negro. 

b)	 Procesamiento de las coordenadas de las partí-
culas detectadas y extracción de la velocidad del 
flujo en tiempo y espacio con por Correlación Cru-
zada (Brevis et al. 2011); 

c)	 Post-Procesamiento que consiste a rectificar los 
resultados a una vista ortogonal y calibrarlos para 
transformar las velocidades en [pixel/intervalo de 
imagen] a [m/s]. Todo el proceso de LS PTV ha 
sido realizado con el programa libre PTVlab y su 
interface gráfica de usuario desarrollada por el 
grupo de trabajo (Patalano et al. 2013a). En la 
Figura 6 se presenta un ejemplo de rectificación 
digital realizada a partir de 4 puntos de control 
que vinculan las coordenadas del Mundo Real y 
las de la fotografía.

Los puntos de control seleccionados para rectificar 
las imágenes digitales en la implementación de 
la técnica PTV sobre el rio San Antonio en el ejido 
urbano de la localidad de Villa Carlos Paz fueron 
materializados a través de un marco de 3m x 6m 
construido con tuberías de polipropileno bicapa de 
0.0127m de diámetro (Figura 7). El marco se retira 
de la imagen unos segundos después de iniciar el 
registro del video.

Figura 6. Ejemplo de rectificación digital de la zona de interés del río San Antonio al primer tramo:  
A la izquierda imagen original de la zona de interés con los 4 puntos de control, a la derecha la misma  

imagen rectificada en un plan ortogonal. Para disminuir el costo computacional, en el post-procesamiento, 
una imagen única es rectificada para poder graficar encima los resultados rectificados.

Figura 7. Marco de tamaño de 3m x 6m construido con tuberías de polipropileno bicapa de 0.0127m de 
diámetro, utilizado para la rectificación digital de imágenes registradas en la sección de medición emplazada 

en el Rio San Antonio, en el ejido urbano de la ciudad de Villa Carlos Paz. 

Evaluación experimental de la técnica de velocimetría por seguimiento de partículas  
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Resultados

La técnica de velocimetría LS PTV presenta una 
ventaja sobre el resto de las técnicas experimentales 
utilizadas en este trabajo ya que la implementación 
de la técnica PTV a gran escala (LS PTV) provee el 
campo de velocidad superficial media en la región 
cubierta por el sensor de la cámara. Para obtener 

Figura 9. Perfiles transversales de velocidades 
medias de flujo medidos con molinete y PTV en el 
sección relevada en el río San Antonio en Cuesta 

Blanca. 

ese campo de velocidad media, los campos instan-
táneos de velocidades de las partículas son inter-
polados sobre un grilla común y promediados en el 
tiempo. La Figura 8 muestra los campos de medios 
de velocidades de flujo rectificados en los dos tramos 
estudiados del río San Antonio. 

Figura 8. Campos de velocidades medias de flujo interpolados [m/s] y rectificados  
del río San Antonio en Cuesta Blanca (izquierda) y en el ejido urbano de la ciudad  

de Villa Carlos Paz (derecha).

Figura 10. Perfiles transversales de velocidades me-
dias de flujo medidos con molinete y PTV en el sección 
relevada en el río San Antonio en el ejido urbano de la 

ciudad de Villa Carlos Paz. 

A partir de la información de los campos medios 
de velocidades de flujo obtenidos con PTV, se ex-
trajeron los valores correspondientes a los perfiles 
trasversales de velocidades superficiales donde se 
implementaron las otras técnicas de medición (mo-
linetes y ADCP). Las Figuras 9 y 10 muestran los 
perfiles transversales de velocidad superficial de flu-
jo registrados en las dos secciones del río San Anto-

nio con las distintas técnicas. Los valores de ADCP 
incluidos en estas Figuras corresponden a valores 
registrados en las celdas más cercanas a la superfi-
cie libre (0.15m desde esta superficie) mientras que 
las mediciones con molinete corresponden a valores 
de velocidad superficial (con molinete sumergido) 
específicamente registrados para este trabajo. Los 
perfiles relevados muestran una buena correspon-
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dencia entre los valores observados. En la Figura 
9, se observa un buen acuerdo entre los perfiles 
de velocidad superficial determinados con LS PTV 
utilizando  diferentes partículas trazadoras (para la 
sección del río San Antonio en Cuesta Blanca) y las 
pequeñas diferencias observadas podrían explicarse 
por los efectos sobre las partículas plásticas de la 
fricción superficial del viento presente el día de las 
mediciones en sentido contrario a la dirección del flu-
jo medio. 
Finalmente se realiza el contraste de los caudales 
medios de flujo estimados por las distintas técnicas 
de medición (Tabla 1). Para ambos secciones rel-
evadas del rio San Antonio, se adopta como valor 
de referencia al caudal medido con ADCP. La incer-
tidumbre asociada a la determinación de caudal con 
ADCP depende de configuración de registro adop-
tado, del ruido electrónico y el ruido ambiental pre-
sente durante las mediciones (Tarrab et al, 2012). 
Durante la medición reportada en este resumen, el 
caudal medido por el ADCP en el primer tramo fue 
0.94±0.12 m3/s. El caudal estimado a partir de las 
mediciones con molinete (0.97 m3/s) presenta una 
diferencia de (-3%) relativa al ADCP siendo estadísti-
camente similares. De la misma forma, en el segun-
do tramo el caudal medido con ADCP fue 3.03±0.38 
m3/s para la sección relevada en el segundo tramo 
y presenta una diferencia de (-7%) con el valor esti-
mado a partir de las mediciones con molinete.
La estimación de caudales a partir de los campos 
superficiales de velocidad del flujo determinados con 
LS PTV a gran escala de manera no intrusiva requi-
ere definir la relación α entre los valores medios de 
velocidad media de flujo en la columna de agua y los 
valores de velocidades superficiales. Esta relación 
depende de la geometría del fondo, de la rugosidad, 
de las corrientes segundarias y del efecto del viento. 
(Cheng et al. 2004) realizaron una estimación de 
este coeficiente utilizando ADCP para las medicio-
nes de velocidad de flujo en la columna de agua y 
velocimetría por radar para evaluar las velocidades 
de flujo superficiales. Estos autores sugieren que 
es factible usar las velocidades superficiales como 
índice para determinar caudales de flujo ya que el 
valor de α cae siempre en el mismo rango del valor 
teórico (α ≈ 0.85) calculado empíricamente (Plant et 
al. 2005).
En la Tabla 1 se muestran los valores de los caudales 
medidos con las diferentes técnicas presentadas 
en este trabajo y para cada uno de los casos visto. 
Los caudales evaluados con LS PTV han sido 
calculados integrando el producto de las velocidades 
superficiales ajustadas con el factor  y  por el área de 
escurrimiento obtenida durante las mediciones con 
el molinete. Con el factor teórico , el error relativo 
entre los caudales medidos con ADCP y con LS 
PTV es de 12% y 13% respectivamente para las 
secciones relevadas y 14% y 20% respectivamente 
con el molinete. Usando el factor  los errores 

relativos entre los caudales medidos con los dos 
instrumentos (ADCP y molinetee) y con LS PTV 
son  significativamente menores: 3% y 2% (relativo 
a ADCP) respectivamente y 0% y 6% (relativo a 
molinete) respectivamente.

Tabla 1: Resumen de los caudales medidos para 
los casos diferentes.

Sección de 
estudio

QADCP
[m3/s]

Qmolinete
[m3/s]

QPTV(naranjas)
[m3/s]

QPTV(tapas)
[m3/s]

San Antonio
(Cuesta Blanca) 0.94 0.97

α=0.85 0.83 α=0.85 0.80

α =1  0.97 α=1  0.93

San Antonio
(Carlos Paz) 3.03 3.27

α=0.85 2.63 - -

α =1 3.09 - -

A continuación se sintetizan algunas de las 
principales fuentes de errores detectadas en la 
implementación de la técnica de LS PTV en gran 
escala para estimar caudales de aguas superficiales 
en cursos fluviales: 

-	 Factores ambientales: En la implementación de 
LS PTV a gran escala estas fuentes de errores 
son relevantes. El tipo de iluminación (la reflexión 
de la luz del Sol sobre la superficie del agua pue-
de perturbar los algoritmos de detección de par-
tículas) y el viento (influye directamente la veloci-
dad de las partículas) son dos de los fenómenos 
físicos del medio ambiente que influyen en forma 
más notoria en las mediciones.

-	 La siembra de las partículas: como se mues-
tra en la Figura 8, no se pudo caracterizar las 
velocidades a las orillas de los ríos ya que las 
partículas sembradas agua arriba del tramo de 
medición tienden a entrar en las zonas de mayo-
res velocidades y salir de las zonas de estanca-
miento o menores velocidades.

-	 Técnica de procesamiento de las coordenadas 
de las partículas detectadas y extracción de la 
velocidad del flujo en tiempo y espacio.

-	 El post-procesamiento que consiste a rectificar 
los resultados a una vista ortogonal y calibrar-
los para transformar las velocidades en [pixel/
intervalo de imagen] a [m/s]: La cualidad de la 
rectificación depende esencialmente del método 
(marco flotante o puntos fijos) y del usuario que 
determina las distancias entre los puntos de con-
trol en la realidad y luego sobre las imágenes.

-	 El valor del factor  que depende de cada sección 
medida. El valor del coeficiente que relaciona la 
velocida superficail y la velocidad media es fun-
ción de la geometría de la sección, de la pen-
diente del tramo, de la rugosidad del fondo, de la 
configuración aguas arriba y aguas abajo del tra-
mo. El valor adoptado por defecto es  pero según 
los resultados, el valor real del factor para ambos 
tramos es mayor (entre 0.96 y 0.98 respectiva-
mente). 
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Conclusiones

En este trabajo se presenta una evaluación experi-
mental de una técnica de cuantificación de caudales 
de aguas superficiales en dos tramos de un río se-
rrano de la provincia de Córdoba. La técnica evalua-
da consiste en la implementación a gran escala de 
la técnica de velocimetría por seguimiento de partí-
culas (LS PTV por sus siglas en inglés). Si bien las 
condiciones analizadas en este trabajo correspon-
den a periodos de aguas bajas y medias, esta técni-
ca puede ser aplicada eficientemente en periodos de 
crecidas con un bajo costo. La técnica no intrusiva 
LS PTV constituye una alternativa satisfactoria (con 
costos relativos significativamente menores) para la 
determinación experimental de caudales escurridos 
superficialmente en los ríos con características físi-
cas y geométricas similares, a condición de conocer 
la batimetría de la sección aforada. En este trabajo 
se sintetizaron algunas de las principales fuentes de 
errores detectadas en la implementación de la téc-
nica de LS PTV en gran escala para estimar cauda-
les de aguas superficiales en cursos fluviales en ríos 
serranos. Estudios relacionados específicamente a 
cada uno de estos errores representan un área de 
vacancia. Estudios posteriores además incluyen re-
levamientos experimentales en cursos fluviales con 
similares características para realizar una estimación 
más precisa de la relación α entre los valores medios 
de velocidad media de flujo en la columna de agua 
y los valores de velocidades superficiales para ríos 
serranos de la provincia de Córdoba. 
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New communication and digital image technologies have enabled the public to produce large quantities
of flood observations and share them through social media. In addition to flood incident reports, valuable
hydraulic data such as the extent and depths of inundated areas and flow rate estimates can be computed
using messages, photos and videos produced by citizens. Such crowdsourced data help improve the
understanding and modelling of flood hazard. Since little feedback on similar initiatives is available,
we introduce three recent citizen science projects which have been launched independently by research
organisations to quantitatively document flood flows in catchments and urban areas of Argentina, France,
and New Zealand. Key drivers for success appear to be: a clear and simple procedure, suitable tools for
data collecting and processing, an efficient communication plan, the support of local stakeholders, and
the public awareness of natural hazards.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

New communication and digital image technologies have
enabled the public to produce and share large quantities of flood
observations. Such observations are often authored, time-
stamped, georeferenced and eventually shared through social
media (Fohringer et al., 2015). Social media actually convey flood
information of diverse nature including flood hazard and damage
reports, but also rational discussion (understanding), public
debate, appeal and remark to the government and local authorities,
and emotional messages and expression of feelings (Al-Saggaf and
Simmons, 2015).

As for other fields, initiatives for crowdsourcing flood data have
emerged in the recent years, with a main focus on rapid, near real-
time mapping of the reports of flood damages and emergencies,
generally to support disaster management (Fohringer et al.,
2015; Koswatte et al., 2015). Efficient tools for collecting, filtering,
reviewing and analysing massive amounts of data in social media
have to be developed. Typically, Fohringer et al. (2015) imple-
mented the PostDistiller tool for the data mining of Twitter posts
and applied it to map the inundation extent and depths of the June
2013 flood in Dresden, Germany. As done for other types of volun-
teered geographical information, interactive maps have also been
developed for crowdsourcing flood data and reports, for instance:

� PetaJakarta,1 an open source flood map of Jakarta, Indonesia, to
share real-time flood information using social media (Twitter);

� The QLD Flood Crisis Map, an interactive map based on the
open-source Ushahidi2 platform and operated by Australian
Broadcasting Corporation (ABC) to allow citizens report informa-
tion during the 2011 Queensland floods (Koswatte et al., 2015);

� Flooding Points,3 a collaborative flood map for São Paulo, Brazil,
also based on the open-source Ushahidi platform and the concept
and prototype elaborated by Hirata et al. (2015).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2016.07.036&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2016.07.036
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Another way to enhance flood data crowdsourcing is through
dedicated mobile phone applications such as, for instance:

� Flood Patrol (Philippines), an Android mobile phone application
developed for allowing people send flood reports to NOAH4

(Nationwide Operational Assessment of Hazards) for mapping;
� SIGNALERT5 (France), a smartphone application to report various
situations of natural hazards including floods;

� mPING6 (Meteorological Phenomena Identification Near the
Ground, NOAA, USA), a free mobile phone application used to col-
lect public weather reports, including flooding across the USA as
contributions to the Flood Observations – Citizens As Scientists
using Technology Project (FLOCAST7) launched in 2013.

Most of these projects and the related research focussed on vol-
unteered geographic information, usually flood damages rather
than quantitative hydraulic data. Despite of quality and credibility
issues related to crowdsourced data, their filtering and mapping
allows for unprecedented spatio-temporal analyses of the flood
hazard and flood damages. Combining crowdsourced data and
authoritative data, Schnebele et al. (2014) were able to assess the
spatio-temporal dynamics of the damages to the transportation
infrastructure in New York City flooded by Hurricane Sandy (29–
30 October 2012). Using telephonic reports of flood incidents in
Rotterdam from 2004 to 2011, Gaitan et al. (2015) analysed the
spatial distribution of flood damages and their (lack of) relation
with the subcatchments and flow paths derived from a DEM of
the urban area.

Quantitative hydraulic data such as the extent and depths of
inundated areas (Fohringer et al., 2015) or flow rate estimates
(Fujita et al., 2013; Le Boursicaud et al., 2016) can be computed
using messages, photos and videos from eyewitnesses and help
improve the understanding and modelling of flood hazard. This
way, ordinary citizens or some enthusiastic flood chasers can con-
tribute to hydrological science in the same way the so-called storm
chasers have historically contributed to meteorological science
since the Tornado Intercept Project (1975) of the National Severe
Storm Laboratory (USA).

Projects encouraging the public to act as citizen scientists in
flood hydrology still appear to be scarce. The main well-
established initiative of that kind is the CrowdHydrology8 project
(Lowry and Fienen, 2013), which encourage citizens to read and text
the station number and the water level to the phone number listed
on the gauge of gauging stations in the USA. The water level is then
added to a publicly available database. To our best knowledge,
besides the CrowdHydrology project there is no available feedback
on such specific projects, and more generally there is a lack of feed-
back and guidance on the failure and success factors of data crowd-
sourcing and citizen science projects for flood hydrology.

We introduce three recent citizen science initiatives which have
been launched independently by research organisations to docu-
ment floods in some catchments and urban areas of Argentina,
France and New Zealand. These projects were specifically designed
to derive quantitative hydraulic data from digital photos and
videos from the public for further retrospective analysis and mod-
elling of the flood processes. While the three projects differ in their
objectives, methods and hydrological situations, they provide con-
vergent feedback on the potential and limitations of such initia-
tives for flood hydrology.
4 http://noah.dost.gov.ph/.
5 http://www.signalert.eu/.
6 http://www.nssl.noaa.gov/projects/ping/.
7 http://flash.ou.edu/flocast/.
8 http://crowdhydrology.geology.buffalo.edu/.
2. The three projects

2.1. Flood Chasers (Argentina)

2.1.1. Objectives
The mountainous rivers of the Córdoba province, Argentina, are

characterised by the occurrence of flash floods with very high vol-
umes of fast flows during the rainy season (October to April). Due
to the sudden nature of flash floods, it is very unlikely to be able to
survey several river sections of interest using instruments and
techniques suitable for recording the peak flow and its temporal
evolution during the flood. Even when it is possible to visit the
study sites in time, flow velocities and floating river debris endan-
ger both the instruments and operators. Considering this issue, the
researchers of the National University of Córdoba have developed
and implemented the Flood Chasers Project (‘‘Cazadores de creci-
das” in Spanish, Patalano et al., 2015) to populate a database of
videos and photos of flash floods in rivers of the province of
Córdoba recorded and shared by citizens using advanced digital
technology (cell phones, digital cameras, tablets, etc.) on the basis
of the willingness of people filming these extreme hydrological
events to share their footage in social networks, websites, forums,
etc.

Flood videos recorded by citizens are then processed to esti-
mate river flow velocity and discharge using image velocimetry
techniques such as Large Scale Particle Image Velocimetry (LSPIV,
Patalano et al., 2014). The implementation of LSPIV using non-
professional videos appears as a valuable alternative or supple-
mental technique to traditional post-flood discharge estimation
methods such as the slope-area method, and proves great potential
in the Córdoba province, Argentina (Patalano et al., 2015). During
the last rainy season (2014–2015), extreme hydrological events
occurred in the Córdoba province and in some cases the data
obtained with such technique are the only available information
to characterise the observed hydrological events.
2.1.2. Implementation
The first step of the Flood Chasers Project was to create a web-

site with domain of the University, then perform an intensive dis-
semination of the existence of this webpage in major newspapers
and some television channels. On the Project website (Fig. 1) peo-
ple can upload their flood videos along with metadata (recording
date and time, location of the river section, etc.). In case the record-
ing conditions are favourable, the videos are manually screened,
analysed and processed using the Large Scale Particle Image
Velocimetry technique (LSPIV, Fujita et al., 1998). This technique
allows quantifying the surface velocity field of the rivers remotely.
The website provides guidelines for users without prior knowledge
of hydraulics about the best way to make contributions that are
useful for quantifying flood discharges. Users who are interested
in participating in the Flood Chasers Project can send or upload
their videos using different platforms (i.e. Dropbox, Mega and
WeTransfer) following basic tutorials generated by the scientists.
There is also a webpage listing all the recorded floods and includ-
ing the flow results if the video has been suitable for analysis. In
turn, there is a YouTube channel called ‘‘Cazadores de Crecidas”
in which the Project leaders upload their own collection of videos,
which are also published on the website.

The images are analysed following the methodology described
by Patalano and García (2016) that uses state-of-the-art tools (i.e.
that apply classical PIV/PTV analysis) and brings them to Large
Scale surface flow characterisation, using the first operational ver-
sion of the RIVeR (Rectification of Image Velocity Results) software.
RIVeR has been developed in the Center for Water Research and
Technology (CETA) at the National University of Córdoba, Argen-
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Fig. 1. Home page of the website of the Flood Chasers Project (http://www.cazadoresdecrecidas.unc.edu.ar/).
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tina, since 2013. It has been developed in order to provide an effi-
cient experimental Large Scale water surface characterisation (e.g.
flow velocities, streamlines) and flow discharge estimation in riv-
ers and artificial channels (e.g. irrigation, treatment plant, etc.).

Image sequences of recorded videos are processed as follows:
after converting the color images extracted from the videos to
grayscale images, they are processed using Matlab tool PIVlab
(Thielicke and Stamhuis, 2014) for calculating the displacement
vector field from each pair of images. Each of these instantaneous
velocity fields is processed and the average displacement field in
pixels per image pair is calculated. The results are exported to
the RIVeR (Rectification of Image Velocity Results) toolbox, which
transform the displacement data into velocity data in [m/s] by rec-
tifying the results for perspective due to the oblique capture of the
videos with respect to the flow surface. The rectification is made
using distances between fixed points (ground reference points)
observed in the images that were surveyed in situ after the flood
event. Combining the surface velocity profile in the area of interest
with the bathymetry profile subsequently surveyed and a relation-
ship between depth-average and surface velocity, the flood dis-
charge at the time of the video in a defined river cross-section
can be estimated.

The relationship of the Flood Chasers Project leaders with gov-
ernment authorities is more than optimal. The minister of water,
environment and energy of the Córdoba province is a professor
at Universidad Nacional de Córdoba (at leave) who is interested
in the implementation of the technique. The results obtained in
the project have been used by the government to hydrologically
evaluate some of the recorded events. Due to this interest the pro-
ject has received support from the government including logistics
for conducting the required surveys (topography survey, fieldwork,
etc.).

2.1.3. Examples of results
The methodology was applied to a video recorded by the wit-

ness of a flash flood that occurred in the Ceballos River in the city
of Río Ceballos (31�100S; 64�190W), Province of Córdoba, Argentina,
after an extreme rainfall event occurred on the morning of 15th
February 2015. The return period of the rainfall event was esti-
mated to be more than 100 years with observed rainfall depth of
about 250 mm during 12 h. The witness uploaded the video to
the project website (Fig. 1) with the sufficient metadata so the sci-
entists could reach the place where the video was recorded. Subse-
quently, the scientists went to the place and surveyed the river
cross-section bathymetry using a topographic total station. The
camera movement during the record due to the videographer hold-
ing the camera by hand without a tripod was preliminarily cor-
rected. Such movement created significant errors in the
processing of the images (Fig. 2a). Then, the surface velocity profile
was computed (Fig. 2b) and ortho-rectified.

The computed surface velocity data in the area of interest were
used for the calibration of the hydraulic numerical model (HEC-
RAS) implemented to simulate the flow conditions of the analysed
event. The Digital Terrain Model of the whole reach of interest
required to implement the hydraulic model was provided by the
government of the Córdoba Province. Based on the surface velocity
field and the water level data at the measured section, the bed and
banks roughness could be estimated iteratively and the flow dis-
charge computed. By the time that the video was recorded, the
total discharge estimated using the calibrated model was
225 m3/s (Fig. 3), which was not the peak discharge. The maximum
water level (not observed in the video) was measured in situ using
a post-event survey of the high water marks. Using the calibrated
model, the peak discharge of the event was estimated to be
290 m3/s. The flooded area predicted using the calibrated flood
model of the Ceballos River can be seen in Fig. 4.

The main problem faced in the Flood Chasers Project in Argen-
tina is that many of the videos are not suitable for processing
because they do not meet the required conditions: most people
record videos with continuous movements of the camera and
zooming, and in many cases it is not possible to detect the ground
reference points necessary for image ortho-rectification. For the
next rainy season, the scientists are looking for training groups of
people who can be great partners. For example the civil defence

http://www.cazadoresdecrecidas.unc.edu.ar/


(a) 

(b) 

Fig. 2. Successive frames (a) of a video recorded during the flood in the Ceballos River in Río Ceballos, Province of Córdoba, Argentina, on 15 February 2015, and time-
averaged surface displacement vector field (green vectors) in the area of interest (b). Red crosses show discarded grid nodes where the flow free surface is not visible. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Bathymetry of the cross-section of interest and depth-averaged velocity field estimated using a 1D hydrodynamic model (HEC-RAS). The velocity (1.47 m/s) on the
right side is the velocity obtained by LSPIV and used for the model roughness calibration.
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workers (i.e. firefighters) will be contacted for training since they
are usually the first to arrive to the rivers when flash floods occur.
Advanced students (16–17 years old) from high schools that are
located near rivers will also be trained. The youth of that age usu-
ally use cell phones which now have the minimum resolution
required to implement the image velocimetry technique. A strong
message of safety is also transmitted to all trained people because
it is very important to avoid any life in danger and be sure there is
no risk in recording a video.
2.2. FloodScale (France)

2.2.1. Objectives and background
As part of the ANR9 FloodScale project (France) on Mediterranean

flash floods (Braud et al., 2014), a similar action was independently
launched throughout the Ardèche river catchment, South-East
9 Agence Nationale pour la Recherche (National Agency for Research, France).
France. The FloodScale project, a contribution to the HyMeX10 pro-
ject (Hydrological cycle in the Mediterranean Experiment,
Drobinski et al., 2014) was designed to make progress in the under-
standing and modelling of flash floods. The observation strategy
combined a four year multi-scale data collection in two meso-scale
catchments in South-East France with opportunistic measurements
during the autumn season, when flash floods are more likely to
occur. To decrease the uncertainty of stage-discharge ratings and
streamflow records, innovative methods for gauging rivers during
flash floods were implemented, including portable surface velocity
radars (Welber et al., 2016) and Large Scale Particle Image Velocime-
try (LSPIV) at permanent video camera stations (Le Coz et al., 2010)
or using home movies from the public in post-flood surveys (Le
Boursicaud et al., 2016).

Specific communication actions focussed on the determination
of flood discharges within the Ardèche river catchment (France)
10 www.hymex.org.

http://www.hymex.org


Cs

Fig. 4. Flooded area estimated using the HEC-RAS flood model calibrated with the
LSPIV velocity measurement and the water level data in the section of interest
(marked Cs). The peak discharge was estimated to be 290 m3/s.

12 https://forge.irstea.fr/projects/fudaa-lspiv/files.
13 https://www.ffmpeg.org/.
14 http://hugin.sourceforge.net/.
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using home movies shared by observers and volunteers. Safety
instructions and a simplified field procedure (see flyer and poster
in Fig. 5) were shared through local media and were made avail-
able in French and English on the project website.11 Legal aspects
including a copyright transfer form have been settled with the help
of Irstea’s (National Research Institute of Science and Technology for
Environment and Agriculture) legal services. This way, simple flood
observers or even some enthusiastic flood chasers were encouraged
to contribute to hydrologic sciences.

2.2.2. Implementation
The processing of flood videos to extract surface flow velocities

and discharges is based on the LSPIV technique originally proposed
by Fujita et al. (1998). The cross-correlation analysis of visible
movements in image pairs is similar to the conventional PIV tech-
nique used in hydraulic laboratory studies, but large-scale outdoor
applications require suitable image ortho-rectification and dis-
charge computation steps. The applicability of the LSPIV technique
to flood home movies was investigated by Le Boursicaud et al.
(2016), as already done by Fujita et al. (2013) using the STIV
(Space-Time Image Velocimetry) technique, and is also the core
of the Flood Chasers Project (Argentina). LSPIV steps are similar
to the technique used in the Flood Chasers project, except that
11 https://floodscale.irstea.fr/donnees-en/videos-amateurs-de-rivieres-en-crue/
videos-amateurs-de-rivieres-en-crue.
ortho-rectification was applied to every image pair before velocity
computation.

Flood videos recorded by witnesses usually do not match the
requirements of the traditional LSPIV technique. Using such videos
raises several issues (Le Boursicaud et al., 2015, 2016) that must be
solved for the video to be successfully processed:

� Fixed points that can be located in the images and in the real
world are needed to calibrate the orthorectification;

� Both river banks should be visible in the image so that a com-
plete cross-section is monitored;

� The video should be recorded from a fixed point of view: a
shake with limited amplitude was found to be acceptable;

� The precise location and timing of the video are necessary;
� Authors of the videos must be contacted in order to get their
personal agreement for the use of their video materials and
additional information.

Using flood home movies therefore requires some image pre-
processing to be applied before the LSPIV analysis, such as:

� Correction of hand-held camera movement: image alignment;
� Correction of distortion due to non rectilinear camera lenses;
� Relative positioning of the free-surface.

The project followed a fully reproducible approach, based on
free software only. LSPIV analysis was conducted using Fudaa-
LSPIV (Le Coz et al., 2014a), a free, user-friendly software available
online.12 Frames were sampled from the video at an adequate time
rate using ffmpeg,13 and image pre-processing was conducted using
Hugin.14 The complete procedure to collect and pre-process home
movies for further LSPIV analysis comes as a short methodological
guide (Le Boursicaud et al., 2015).

Simple procedures for taking useful flood videos, highlighting
safety warning (Fig. 5) have been disseminated to the public
through various media including the project website15 and local
media (newspapers, radio). Communication campaign was well
received by locals and municipalities, but jeopardised by local issues
(update of official flood risk mapping) and lack of coordination with
and support from local authorities (civil defence and prefecture). The
main expressed concerns were that the call would encourage the
public to record videos from unsafe locations by the flooded rivers
and that it would suggest that further research on flood discharges
was required before a flood risk map could be firmly established.
After long discussions, the communication campaign had to be post-
poned. Permissions for distributing flyers and putting posters in
places attended by the public were never obtained.
2.2.3. Examples of results
Partly due to communication restrictions, few videos were

received by the scientists, even after the series of significant floods
which occurred during the 2014 autumn. And none of those were
actually usable because they generally did not follow the recom-
mendations. Some of them were not located in the study area. In
turn, some useful videos were harvested by scientists after each
flood of interest, especially drone videos (Fig. 6) shared on
YouTube16 by a local company17 specialising in UAV-borne image
recording. The footage was also shown by local and national TV
channels. Valuable sequences with remarkable stability and clear
15 https://floodscale.irstea.fr.
16 https://www.youtube.com/watch?v=4lgws8pvFyg.
17 http://www.ardechevideo.com/.

https://floodscale.irstea.fr/donnees-en/videos-amateurs-de-rivieres-en-crue/videos-amateurs-de-rivieres-en-crue
https://floodscale.irstea.fr/donnees-en/videos-amateurs-de-rivieres-en-crue/videos-amateurs-de-rivieres-en-crue
https://forge.irstea.fr/projects/fudaa-lspiv/files
https://www.ffmpeg.org/
http://hugin.sourceforge.net/
https://floodscale.irstea.fr
https://www.youtube.com/watch?v=4lgws8pvFyg
http://www.ardechevideo.com/


Fig. 5. Instructions provided to the public as a flyer (a, b) and a poster (c) for the information campaign of the FloodScale Project (https://floodscale.irstea.fr/donnees-en/).
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views of the Ardèche river channel upstream and downstream of the
submersible Sampzon bridge (44�25046.400N; 4�21025.600E) were
selected (Fig. 6).

Some fixed ground reference points could be identified, espe-
cially road signs and marks and elements of the bridge structure.
Their positions were topographically surveyed using a differential
GPS and cross-sectional bathymetry profiles were also measured
using a hydro-acoustic profiler (ADCP). Then image sequences
were extracted, converted in grey scale levels, ortho-rectified,
and instantaneous velocity fields were computed. Time-averaged

https://floodscale.irstea.fr/donnees-en/


Fig. 5 (continued)
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Fig. 6. Applying Fudaa-LSPIV software to a drone video of the Ardèche River at Sampzon Bridge, France, shared on YouTube after 2014 floods: raw image sequence with
ground reference points (a), same images converted to grey scales and ortho-rectified (b), time-averaged surface velocity field (up to 4 m/s) and depth-averaged velocities
interpolated at the transect used for discharge computation (c), 3-D view of the transect (d).

18 www.riskscape.org.nz.
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velocities were interpolated at each node of a transect used for dis-
charge computation. As often, the water level estimation appeared
to be the main source of uncertainty (Table 1). However, discharge
estimates were found to be consistent with the flow rated at the
upstream gauging station when realistic time lags due to flood
propagation are considered (between 30 and 60 min). Even with
uncertainties possibly as large as 15% or 20% such discharge esti-
mates remain highly valuable to reduce the uncertainties of rating
curve extension and post-flood peak discharge assessment.

The main perspectives are to reiterate communication campaigns
with the twofold objective of mitigating issues with the local govern-
mental authorities, and increasing the quantities of usable videos
spontaneously provided by the public. This would certainly be
reached with opportunistic calls to be launched through any media
just after a flood in the affected area. Thus the hydrologic watch
could focus on a broader region such as the French Mediterranean
belt, or even at a larger scale as part of the HyMex project which
develops post-flash flood surveys throughout the catchments con-
tributing to the Western Mediterranean Sea.

Engaging with the locals in preparation of future floods at
research sites like the Ardèche catchment would remain feasible
through poster campaign at key observation points with safe con-
ditions, especially near gauging stations which provide the water
level data that are critical for velocity and discharge computations.
Such sites could be pre-surveyed and permanent ground reference
points could be marked. A best viewpoint for videos could be marked
and suggested on an adjacent poster or sign, for instance. The public
could be asked to read the staff gauge like in the CrowdHydrology pro-
ject and provide the water level along with their videos. Specialised
partners such as technical staff from local municipalities, firemen, civil
defence, volunteering observers, storm/flood chasers, kayakers, UAV-
borne image companies, etc. could be informed and trained.

2.3. RiskScape (New Zealand)

2.3.1. Objectives
The New Zealand national institute NIWA has called citizens to

contribute to flood mapping during recent inundation events in the
cities of Christchurch (43�310S; 172�380E) in 2014 and Dunedin
(45�520S; 170�300E) in 2015. Residents were invited to send in their
pictures of flooded areas, which were further used to build flood
hazard maps, as part of the RiskScape18 project.

The 2010–2011 Canterbury earthquakes changed surface eleva-
tions across the region and the city of Christchurch, in the South
Island of New Zealand. This led to changes in flood risk, which
was highlighted by the 5th March 2014 flood as some suburbs of

http://www.riskscape.org.nz


Table 1
Discharge results and comparison with records from upstream gauging station.

Water level
(metres above
sea level)

LSPIV discharge
Q (m3/s)

Q difference (%)
time lag: 30 min

Q difference (%)
time lag: 60 min

94.5 1053 +16 +25
94.0 913 +3.6 +13
93.5 795 �11 +0.6
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Christchurch experienced uncharacteristically severe inundation.
The flood not only highlighted the altered risk profile, but it also pre-
sented a rare opportunity to update flood hazard knowledge of the
city. With the widespread availability of camera phones and photos
of inundation, this research project sought to employ citizen science
to supplement professional measurements of inundation.

2.3.2. Implementation
Two days after the flood peak, members of the public were

invited, via press releases to mainstream media, a scientific blog19

and outreach via social media (Facebook, Twitter), to send photos of
maximum flood levels to NIWA, indicating when and where each
photo was taken. The photos were assessed by professionals in terms
of the ability to identify a clear water level around the time of the
peak inundation. Water surface levels were derived from the photos
in conjunction with LiDAR scans of the city. In locations where pho-
tos did not permit clear identification of water levels, field visits
were carried out to make supplemental measurements. The resulting
point data were interpolated, along with additional survey data, to
derive a RiskScape flood hazard model to calculate flood risk and
potential losses across the city. During flooding in the city of Dune-
din in 2015, the same request for photographs was made, but the
project was discontinued due to a lack of responses.

2.3.3. Examples of results
Over 600 photos were received for the Christchurch study (e.g.,

Figs. 7 and 8). Not all photos were used or could be used, and for var-
ious reasons – the flood level may not have been discernible; the time
or location was unknown; or flood data may have been available
from other photos or another source. Ultimately, 300 photos were
used to get a fix on 289 water levels around the city. Combined with
field surveys, the resulting inundation map (Fig. 9) indicates flooding
along the Avon and Heathcote Rivers as well as various residential
suburbs throughout Christchurch, including the severely impacted
Flockton Basin. High media and public interest suggested that, in
addition to providing useful data, the public engagement fostered a
greater appreciation of flood hydrology and its scientific study.

The resultant information has been invaluable in understanding
the changed flood risk for post-earthquake Christchurch. These
data were used to validate hydrodynamic models and are being
used to plan mitigation, response and evacuation plans and to cal-
culate human and economic costs of flooding. The widespread use
of camera phones provided data on flood levels and extent that
could not have been obtained by field surveys by hydrology tech-
nicians due to insufficient resources to cover the wide extent of rel-
atively short duration flooding.

3. Lessons learnt

3.1. Write a clear and simple procedure

Once the objectives and tools of the project have been defined, a
clear and simple procedure has to be written for the attention of
19 http://sciblogs.co.nz/waiology/2014/03/07/calling-for-christchurch-flood-pho-
tos/.
the public. This is a key driver of the success of all citizen science
projects. The three projects have produced procedures in the form
of simple instructions for recording the images and sending the
data in good agreement with their distinct objectives, either flood
mapping or flood discharge estimation. The type of images and
metadata, the protocols to send them to the scientists and the
safety and copyright aspects were dealt with in a concise and pre-
cise manner. However, the simple but more demanding require-
ments on flood videos for LSPIV applications in the Flood Chasers
and FloodScale projects proved to be much less followed than
those on flood mark photos for the RiskScape project. The rate of
photos usable for flood mapping was much higher than the rate
of videos usable for discharge estimation. For the capture of valu-
able videos, a written procedure may not be sufficient and addi-
tional training should be provided as tutorials and short videos,
e.g. on collaborative websites like WikHydro in France.20 Instruc-
tions displayed in situ may also be more efficient.

Crowdsourcing flood hydrology data makes the most of modern
digital image technologies and social media. It is advisable to target
the kinds of equipment most commonly used by people in the area
of interest, smartphones typically but also drones (UAV) increas-
ingly. Drone images show great potential for the LSPIV technique,
through excellent viewpoint stability and negligible perspective
effects to correct since images are often taken vertically from the
sky. Then image ortho-rectification is not absolutely necessary,
only estimation of the size of the pixels, which requires much less
ground reference points to be surveyed. Aerial photos taken from
drones could certainly be used in flood mapping projects as well,
in conjunction with high-resolution DEM.
3.2. Develop suitable tools for data collection and processing

From a technical point of view, suitable tools are requested to
collect, process the image materials, and assess the quality of
results, in order to reach the scientific objectives of the project. It
is necessary to develop platforms able to collect large quantities
of data coming with contrasted formats and quality levels. Website
forms and uploads, as well as smart (apps) or basic (texts) phones,
are efficient tools to collect crowdsourced data, as long as the effort
required from the user is kept minimal. Developing dedicated
smartphone apps could be very efficient for the data collection.

However, it sometimes remains more efficient for scientists to
harvest adequate image materials from sharing platforms and
social media, and further locate and contact the authors for more
information. As exemplified by the three projects described in this
paper, both bottom-up and top-down ways of collecting data
should be explored.

The processing of the collected data generally requires specific
techniques and tools that are not previously available off the shelf.
Research groups need to be committed into the development of
suitable imagery techniques, hydrologic and hydrodynamic mod-
els, GIS applications and flood risk assessment methods. It is
important to carefully review the quality of the crowdsourced data,
in particular through post-event field investigation and cross-
checking of the results with other sources of information, including
professional data. Locating precisely the photo/video viewpoints is
often easy whereas their precise timing may be not, especially
when the authors cannot be contacted. The determination of the
water level is a major source of uncertainty in the discharge
estimation.

The use of crowdsourced hydrologic data in models and scien-
tific studies also requires suitable techniques that are able to
assimilate data coming with contrasted and possibly large uncer-
20 http://wikhydro.developpement-durable.gouv.fr/.

http://sciblogs.co.nz/waiology/2014/03/07/calling-for-christchurch-flood-photos/
http://sciblogs.co.nz/waiology/2014/03/07/calling-for-christchurch-flood-photos/
http://wikhydro.developpement-durable.gouv.fr/


Fig. 7. Photos of the 5th March 2014 inundation in Christchurch, New Zealand, received from the public. (a) Slater Street, Richmond. (b) Francis Avenue, Mairehau. (c) Buxton
Terrace flow gauging site, Saint Martins. (d) Intersection of Oxford Terrace and Barbadoes Street.

Fig. 8. Sequential photos of the same gate traces the flood hydrograph and can help pinpoint the time of maximum inundation during the 5th March 2014 flood in
Christchurch, New Zealand.

Fig. 9. Interpolated flood depths based on citizen scientist photos and field surveys, for the 5th March 2014 flood in Christchurch, New Zealand.
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tainties. This is typically the case of the Bayesian techniques imple-
mented in the FloodScale project for stage-discharge rating curve
development (Le Coz et al., 2014b), hydrologic modelling and flood
frequency analysis (Renard et al., 2010). The FloodChasers and
RiskScape projects illustrate how such data can be successfully
included in 1D/2D hydrodynamic models, post-flood surveys and
flood risk and damage assessment.
3.3. Implement an efficient communication plan

Communication is key to efficiently mobilise flood observers,
make them aware of flood-related dangers (and discourage them
from risking their lives), avoid conflicts with local authorities,
and provide feedback on the use of collected data. Simple and
direct explanations are essential, even when it comes to science
or legal terms. Such initiatives are usually well received by the
locals and the media. Communication efforts should be directed
at both the general public and specific community groups such
as kayakers or storm/flood chasers. It is important to communicate
with and train groups of more advanced operators (firemen, civil
defence, hydrologic services, volunteers, etc.) so they can make
better quality videos that fit the requirements of the data process-
ing, in optimal safety conditions.

The reported experience highlights the necessity of adapting
the communication vectors to each project. Communicating
through radio and TV allows to reach a wide audience. Local news-
papers and scientific blogs can probably reach a more specific audi-
ence but are efficient to release punctual and periodic reminders of
the projects which are useful, especially at the beginning of the
project or flood season, during or after flood events, and when
results and outputs are available. Distributing flyers and displaying
posters and signs at key observation points and at places attended
by the public when there is a flood cannot be done extensively
throughout a large catchment, but it may dramatically increase
the quantity of image materials at particularly strategic sites.

Social media like Twitter and Facebook are essential as they
allow to reach a wide audience and to do it at any time, but you
first have to communicate to make people ‘follow’ you. Typically,
the Flood Chasers Project received more videos when the minister
of Water, Environment and Public Services of the Córdoba Pro-
vince, Argentina, ‘re-twitted’ the project on Twitter. Then, people
forgot about it until an article was published in a local newspaper.
Being constantly active in the whole range of available media is
important.
21 http://www.geonet.org.nz/quakes.
22 http://sciblogs.co.nz/waiology/2014/06/16/citizen-scientists-help-map-christch-
urch-flooding/.
23 http://sciblogs.co.nz/waiology/2014/09/04/full-citizen-science-flood-map-for-
christchurch-March-2014/.
24 www.hymex.org and web form: http://goo.gl/forms/q80gfQbPNN.
3.4. Get the support of local stakeholders

As consistently illustrated in the polarised French and Argen-
tinian experiences, getting the support of local authorities or not
can significantly enhance or jeopardise your citizen science project.
The local context and profiles of people in charge are of course
important as given factors of the issue, but the communication
strategy should account for this issue from the beginning. In the
specific context of the FloodScale project, calling for images before
rather than during or just after the flood appeared to be the main
source of concerns for the administration. Though arguably hypo-
critical, you will not be blamed for encouraging people to unsafe
behaviour if you call for existing images, as usually done by mass
media. It also appears advantageous to focus on a recently flood-
affected area rather than spending communication efforts over a
large region in preparation of future floods. Still, the support of
local stakeholders and authorities should be sought actively. There
is always a chance that they realise the potential of citizen science
initiatives for the success and acceptance of flood risk policies.
3.5. Public awareness and engagement matter

The call is muchmore successful when the public and the media
are prepared and aware of natural hazards, as was the case in
Christchurch, New Zealand, after the earthquakes of 2010 and
2011. During this time, both the public and media became more
attuned to natural hazard science, and also became more receptive
to citizen science-based initiatives such as the earthquake felt
reports on GeoNet website.21 This was not the case for Dunedin,
hence one potential reason for the failure to receive photographs,
although there are others (e.g., flooding was not as extensive and
occurred during the end of the day).

Provided there is sufficient expert oversight during project
design and data analysis, such citizen science seems a viable means
of improving our understanding of flood risk. In turn, the reported
projects highlight the value of citizen science initiatives as a means
of both gathering data and engaging with the community. In some
cases, the value of the obtained data is much less than the impact
and engagement of the citizen community (Lowry and Fienen,
2013). Feedback to the public is absolutely essential, through any
available means: project website, online database, publication of
results, follow-ups on scientific blogs22,23 and communication
through the media.

Social studies could also profit from such crowdsourced feed-
back from people on how they have been affected by the flood
and how they have reacted, as done through calls and interviews
in social science projects like in HyMex24 project (Ruin et al.,
2008). Not only eyewitnesses of the flood but broader communities,
which are not always visible in more formal reporting procedures,
may use social media to express their feelings and contribute to
the public debate (Al-Saggaf and Simmons, 2015).
4. Conclusions

The reported three projects are typical of emerging citizen
science initiatives for crowdsourcing flood hydrology data. These
photo-based flood mapping (RiskScape, New Zealand) and video-
based flow estimation (Flood Chasers, Argentina, and FloodScale,
France) projects were specifically designed to produce georefer-
enced and time-stamped hydraulic quantities readily usable for
flood hydrology studies and hydraulic modelling. Compared to
other similar projects, they involved similarly simple procedures
for the public, but more advanced data processing and reviewing
by the scientists. An exciting perspective would be to combine
such ‘measurement-oriented’ and ‘citizen hydrologists’ approaches
with the powerful tools developed in other projects for data min-
ing the social media contents and conducting the spatial analysis
of volunteered geographic information.

The three projects illustrate the great potential of citizen
science initiatives for improving flood risk assessment in interac-
tion with the local communities. Key drivers for success appear
to be: a clear and simple procedure, suitable tools for data collect-
ing and processing, an efficient communication plan, the support of
local stakeholders and authorities, and the public awareness of
natural hazards. Beyond the technical and communication chal-
lenges, this is an efficient way to enhance the culture of flood risk
and make people more engaged collectively. We hope that this
feedback may help such initiatives emerge and develop successful
strategies.

http://www.geonet.org.nz/quakes
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http://sciblogs.co.nz/waiology/2014/06/16/citizen-scientists-help-map-christchurch-flooding/
http://sciblogs.co.nz/waiology/2014/09/04/full-citizen-science-flood-map-for-christchurch-march-2014/
http://sciblogs.co.nz/waiology/2014/09/04/full-citizen-science-flood-map-for-christchurch-march-2014/
http://www.hymex.org
http://goo.gl/forms/q80gfQbPNN
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Abstract The probability of the occurrence of urban flash floods has increased appreciably

in recent years. Scientists have published various articles related to the estimation of the

vulnerability of people and vehicles in urban areas resulting from flash floods. However,

most published works are based on research performed using numerical models and lab-

oratory experiments. This paper presents a novel approach that combines the implemen-

tation of image velocimetry technique (large-scale particle image velocimetry—LSPIV)

using a flash flood video recorded by the public locally and the estimation of the vul-

nerability of people and vehicles to high water velocities in urban areas. A numerical one-

dimensional hydrodynamic model has also been used in this approach for water velocity

characterization. The results presented in this paper correspond to a flash flood resulting on

November 29, 2012, in the city of Asunción in Paraguay. During this flash flood, people

and vehicles were observed being carried away because of high water velocities. Various

sequences of the recorded flash flood video were characterized using LSPIV. The results

obtained in this work validate the existing vulnerability criterion based on the effect of the

flash flood and resulting high water velocities on people and vehicles.
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1 Introduction

The probability of the occurrence of urban flash floods has increased appreciably in recent

years (World Meteorological Organization, WMO 2009). Scientists and engineers (Wright-

Mc Laughlin Engineers 1969; Rooseboom et al. 1986; Federal Emergency Management

Agency 1979; Australia Institute of Engineers 1987; Témez 1992; Nanı́a 1999; Russo

2009; Engineers Australia 2010; Milanesi et al. 2015; Martı́nez-Gomariz et al. 2016) have

published various articles related to specific problems generated by surface runoff during

urban floods. These articles described the harmful effects of these floods on urban

infrastructure including the negative effects on people and vehicles resulting from high

water velocities. Quantifying the risk levels resulting from flash flooding is essential for

planning and possible mitigation of these effects.

People safety during a flash flood may be compromised when persons are affected by

flows where it is difficult to remain stable and standing, crossing a street, or operating a

vehicle. The stability of persons while walking through high water velocities has been

studied by various researchers since the late 1960s in order to determine peoples’ stability

while walking through high water velocities. Although early studies evaluated people’s

instability based only on the maximum water depth (Wright-Mc Laughlin Engineers 1969;

Rooseboom et al. 1986), later and more recent studies showed that in urban areas it is

possible to demonstrate that people’s stability is a function of water depth (h) and water

velocity (v) (Federal Emergency Management Agency 1979; Australia Institute of Engi-

neers 1987; Témez 1992; Nanı́a 1999; Russo 2009; Engineers Australia 2010; Milanesi

et al. 2015; Martı́nez-Gomariz et al. 2016). The guide developed by the Australia Institute

of Engineers (1987) and Engineers Australia (2010) established that in order to prevent

people from being carried away on streets and surrounding runoff areas during a flash

flood, the relation (v�h) should not exceed the value of 0.4 m2/s for children and 0.6 m2/s

for adults. Milanesi et al. (2015) defined, using a numerical model, three vulnerability

regions in an v–h plot shown later in this paper (drowning, toppling, and slipping by

children and adults). All the studies referenced above, which analyzed people’s instability

during floods, do not apply to vehicles and infrastructure.

Thresholds have been established to describe the negative effects of urban floods on

vehicles. Xia et al. (2011) developed a formula for predicting the incipient vehicle

velocities moved by the flow. The parameters required in that formula were estimated

based on experimental data collected in the laboratory using a channel and reduced scale

vehicle models (including scale effects).

To evaluate the flood risk in real scale, water velocity data are required. However, these

data in urban areas are not commonly available and difficult to collect during flash flood

events with high flow variability. Extreme flow conditions during flash floods make the use

of intrusive measurement technologies, generally used in natural channels but not typically

used to measure overland flow, such as current meters, Acoustic Doppler Velocimeter

(ADV), and Acoustic Doppler Current Profilers (ADCPs), difficult because of the high risk

in instrument operation and operator safety. In this work, an advanced experimental

technique for water velocity measurements during urban floods is implemented. This

technique consists of implementing at large-scale particle image velocimetry technique

(LSPIV) that is in constant development (Fujita et al. 1998; Creutin et al. 2003; Muste et al.

2005, 2008; Hauet et al. 2009; Fujita et al. 2013; Le Coz et al. 2014; Le Boursicaud et al.

2016; Stumpf et al. 2016). Presently (2016), the LSPIV technique is implemented on

digital videos recorded from an unmanned aerial vehicle (UAV) and from fixed digital
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cameras. The LSPIV technique allows, from the recorded digital images, the characteri-

zation of surface water velocity fields, and through further processing, the calculation of

discharge. Implementing LSPIV insures operator safety because the video can be recorded

from a safe area (out of the vulnerability region), and the distances required to analyze the

images are measured after the flood event. More recent LSPIV applications include

measurement of flash floods in mountain rivers (Patalano and Garcı́a 2006; Le Coz et al.

2016) and flow in and around hydraulic structures (Patalano and Garcı́a 2006). The

technique has been adapted in this work for implementation with home videos, generally

filmed by the public during urban flash flood events using various electronic devices (cell

phones, digital cameras, and others). Corrections to the videos are needed because these

videos are generally shaky because they are recorded with no tripod, and in most cases the

cameras are panned on both sides. This paper presents the results of the implementation of

LSPIV to a home video of a flash flood recorded on November 29, 2012, in the city of

Asunción in Paraguay and the estimation of the vulnerability of people and vehicles based

on stability criterion in flash floods proposed by previous work.

2 Materials and methods

The analyzed flash flood event that caused major damages in Asuncion, Paraguay occurred

on November 29, 2012. This flash flood was generated by a large storm producing 95 mm

of rainfall in 7 h (between 6:40 and 13:40). The maximum observed rainfall intensity

during this event was approximately 115 mm/h. The hyetograph of this rainfall event is

shown in Fig. 1. The hyetograph shows that the maximum rainfall occurred during the first

hour of the event (45 mm).

The annual recurrence of this rainfall event is less than once every 5 years. Therefore,

this event is not considered extraordinary. However, urban drainage systems are usually

designed in Latin-American countries based on rainfall amounts with annual recurrences

between 2 and 10 years (similar to the one described in this project). This recurrence value

was estimated using the rainfall intensity, duration, and annual recurrence curve deter-

mined for Asuncion city, Paraguay.
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Fig. 1 Hyetograph recorded during the flood event of November 29, 2012 (time interval, Dt = 5 min)
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During the analyzed flash flood event, a digital video was recorded at a 1280 by 720

pixels resolution and 30 frames per second by the public (an image of it is shown in Fig. 2)

on Amancio Gonzalez Street 10 m from the intersection of Pirizal Street in Asuncion.

During the flood, two vehicles were observed moving because of the water velocities

(Fig. 3). Fortunately, no one was killed or injured at this site during the event.

The surface water velocity at the site has been processed using the LSPIV technique

following the experimental method described in Patalano and Garcı́a (2006) and sum-

marized as follows:

(a) The amateur video was recorded with no tripod. Thus, the video is shaky and the

operator is slightly panning the camera on both sides. Once extracted, the images

were converted to grayscale and then digitally stabilized before image processing

(Patalano and Garcı́a 2006).

(b) Images were processed with the MATLAB toolbox PIVLab (Thielicke and Stamhuis

2014), which processes the displacement field (in pixels) within pairs of images. The

mean displacement field of the site was then calculated from the instantaneous

displacement fields of the entire video.

(c) Because of the oblique position of the camera, the mean displacement field of the

region of interest had to be rectified. Thus, after the event, six distances between

four control points (including diagonals) observed in the images have been surveyed

1 week after the flood event in order to orthorectify the displacement and process the

real velocity field [m/s] knowing the time steps between the extracted images. This

post-processing was completed using the toolbox RIVeR (Patalano and Garcı́a

2006).

3 Results

The unrectified mean displacement vectors determined implementing LSPIV on images

recorded during the event is shown in Fig. 4.

The rectified mean surface water velocity field determined with the RIVeR MATLAB

tool was calculated, and the following velocity cross sections were extracted (Fig. 5):

Fig. 2 Image of the digital video recorded by the public on Amancio Gonzalez Street (reference
time = 0 s, being the starting time)
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The flow in the upstream cross section (CS1) was uniformly distributed across the width

of the street (Fig. 5). The maximum velocity in this cross section is about 3 m/s (in the

center of the street), and the mean water velocity is about 2.3 m/s. The section CS2
corresponds to the location of the vehicle that causes a major contraction in the right side

of the street. In CS2, the maximum velocity is 4.2 m/s and the mean water velocity is about

2.9 m/s. Finally, the downstream cross section (CS3) corresponds with the location of the

maximum water velocities (5.4 m/s), and the mean water velocity is about 3.9 m/s.

In order to quantify water depths in Amancio Gonzales Street, the geometry of the street

was surveyed after the flood event (see Fig. 7). The street and the sidewalks (on both sides)

Fig. 3 Part of the analyzed video in which cars were carried away (reference time = 240 s)

Fig. 4 Mean unrectified surface water velocity field obtained after implementing LSPIV technique. Arrows
represent surface water velocity vectors
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are unpaved. The lateral boundaries are mostly vertical, and the longitudinal slope of the

street is 3.6%.

The water level never reaches the tire axis (except in cases where vehicles cause

obstructions in the flow); thus, a water depth of 0.2 m over the sidewalk has been estimated

(Fig. 6). Water depth is the variable in the analysis with the largest uncertainty as is

discussed as follows: assuming that the tire is in an orthogonal plane to the direction of the

camera and there is a lineal relation between the image pixels and the mean diameter of a

tire, the water depth was estimated at 0.2 m ± 0.05 m.

The water depth in the place with maximum water velocity was determined using the

water depth previously estimated based on the vehicle parked on the sidewalk (see Fig. 6)

and the surveyed street cross section (see Fig. 7, indicating as water depth equal to 0 the

water surface elevation).

Finally, the product of the measured water velocities (v) and water depths (h) was

analyzed in order to evaluate the vulnerability to human stability (Table 1; Figs. 8, 12).

Presently (2016), uncertainties in surface flow velocity measurements using LSPIV are

Fig. 5 Surface water velocity cross sections extracted in three different cross sections with its
corresponding location in the video

Fig. 6 Water depth estimation in the analyzed zone
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Fig. 7 Street section used to characterize the flood flow in CS1

Table 1 Parameters characterizing flow conditions in the three analyzed cross sections

Cross section
(see Fig. 5)

Maximum
velocity v (m/s)

Water depth at the location of
maximum velocity h (m)

Maximum velocity times the
water depth v�h (m2/s)

CS1 2.3 0.30 0.7

CS2 4.2 0.33 1.4

CS3 5.4 0.33 1.8

Fig. 8 Stability regions defined by Milanesi et al. (2015) for adults (thin line) and children (thick line):
(A) drowning, (B) toppling, and (C) slipping. Here, q = 1000 kg/m3 and there is null slope (horizontal
terrain). Symbols represent the results obtained of the flow velocity measurements in the three cross sections
of the analyzed video (filled circle CS1, filled diamond CS2, filled square CS3, open square CS1 sequence a,
and open circle CS1 sequence b)
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being studied by different research groups (i.e., Hauet et al. 2009). Based on the authors’

experience, uncertainties on LSPIV surface flow velocity measurements errors are on the

order of ±10%. In addition, uncertainties in water depth estimations performed in this

work are on the order of 0.05 m. Thus, accounting for the uncertainties in the estimation of

the vulnerability of people and vehicles based on stability criterion error, confidence

intervals for the water velocity and water depth have been included in Figs. 8 and 12.

Engineers Australia (2010) limit for v�h (0.4 m2/s for children and 0.6 m2/s for adults) is

significantly exceeded in cross sections CS2 and CS3 (Table 1).

The v–h values observed in this work at the three different cross sections are represented

in Fig. 8. This plot also includes the regions defined by Milanesi et al. (2015) for drowning

(A), toppling (B), and slipping (C) in the case of clear water (q ¼ 1000 kg=m3) and

horizontal terrain (null slope), for a child (thick line) and adult (thin line). This plot also

defines thresholds that separate children from adults: low vulnerability (under the children

line), medium vulnerability (between the children and adult lines), and high vulnerability

(above the adult line). The values observed in the CS1 cross section are located in the

region with medium vulnerability, and the instability mechanism is controlled by slipping.

However, the values measured in CS2 and CS3 correspond to the high vulnerability region

during the urban flood characterized in this work. Because, the velocity is so high ([4 m/s)

for both CS2 and CS3, than the stability index (v�h) is not sensitive to the depth (h) (Fig. 8),
provided depth (h) remains above *0.1 m. Water flow depth is not a main factor at these

two cross sections because the water velocity is so high in this region; and that is the reason

of not taking into account sediment transport (erosion and deposition).

To complement the flow velocity field characterization, a numerical hydrodynamic

model HEC RAS (USACE 2008) was implemented for the site. This model allows the user

to perform a one-dimensional (steady flow) calculation, among other things if

implemented.

To implement HEC RAS, first it was necessary to define roughness coefficients to

simulate the flow resistance in the street and sidewalks. The roughness coefficients applied

in this study (Manning coefficients n were used) are described below

1. n value equal to 0.030 for the unpaved sidewalks (Chow 1959 for floodplain consisting

of pastures).

2. The n value of the street was calibrated using the maximum water velocity reached in

the CS1 section in the center of the street (about 3 m/s) and the estimated water depth

(0.2 m on the sidewalks). The value of n that represents the case study is 0.028 (in the

literature, this value corresponds to an open channel excavated without vegetation;

therefore, this value is acceptable because the street is unpaved).

The velocity distribution in the CS1 cross section simulated using the calibrated n rough-

ness coefficients is shown in Fig. 9. The maximum velocity of about 3 m/s is reached near

the center of the street and the water depth on the sidewalks is 0.2 m (Fig. 9) (both data

were observed at the site).

Three sequences of the video have been analyzed using the flow measurements and the

calibrated HEC RAS model. The results were compared with the plot presented by

Milanesi et al. (2015) and Xia et al. (2011). The selected sequences correspond to times

when (a) people are standing on the sidewalk; (b) a man was carried away by the flow; and

(c) vehicles were carried away by the flow.

(a) During the first sequence of the video, people are standing on the right sidewalk of

the flow (Fig. 10):
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Using the field measurements and the calibrated hydrodynamic model, a water velocity

of 1.8 m/s and a water depth to 0.2 m was estimated at the site. Plotting the v–h values in

Fig. 8, this flow condition corresponds to the low vulnerability region (there is no

movement of the people affected by the flood) and region C (corresponding to the area

where the instability mechanism is slipping).

(b) In another part of the video, one man was trying to enter a vehicle. He was carried

away by the flow. A colleague rescued him and a possible tragedy was avoided

(Fig. 11).

In this case, the person was located in the right side of the street near the sidewalk. Using

field measurements and the calibrated hydrodynamic model, a water velocity of 2.9 m/s

and a water depth equal to 0.33 m were estimated in this region. If these values are plotted

in Fig. 8, this flow condition corresponds to the high vulnerability region (the drag on the

man is clear) and the region C (corresponding to the area where the instability mechanism

is the slipping).

Fig. 9 Control section CS1 used to calibrate the n roughness coefficient of the hydrodynamic model HEC
RAS

Fig. 10 Sequence of the analyzed video when people are standing on the right sidewalk (reference
time = 0 s)
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(c) In the last sequence of the video, two vehicles were carried away by the flow as it is

shown previously in Fig. 3. In this case, the region where the cars were carried away

coincides with sections CS2 and CS3. The water velocities in these cross sections

range between 4.2 and 5.4 m/s, and the water depth ranges between 0.3 and 0.35 m

(see Table 1).The velocity and water depth values observed in this work (Fig. 12)

for two of the analyzed cross sections (CS2 and CS3) in the v–h stability plot

prepared by Xia et al. (2011) for two vehicle types and for different vehicle

orientation angles (0 and 180�) aligned parallel to the water velocity vector and 90�
being normal to this vector.

The values observed in CS2 and CS3 indicated that the measurements are above every

threshold defined by Xia et al. (2011). The results reached in the analyzed video indicate

that the vehicle stability thresholds are always exceeded. During the recorded event and

Fig. 11 Part of the analyzed video in which a man (within the white circle) was carried away while he was
trying to get into one vehicle (reference time = 50 s)

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

0 2 4 6 8 10

h 
[m

]

v [m/s]

Honda Accord - 0 and 180º Audi Q7 - 0 and 180º

Honda Accord - 90º Audi Q7 - 90º

Fig. 12 Stability thresholds defined by Xia et al. (2011) for two vehicle types and for different orientation
angles. The flow conditions in the CS2 and CS3 cross sections of the analyzed video (see Table 1) are
represented by filled diamond and filled square, respectively
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because of the high water velocities reached by the flow, large movements of large vehicles

were observed. The vehicles move in the region of largest values of v–h that corresponds to

the high vulnerability zone defined by Xia et al. (2011) for vehicles.

4 Summary and conclusions

In this work, the water velocities in one street of Asuncion, Paraguay, are experimentally

determined during an urban flash flood using an advanced experimental technique avail-

able for non-contact measurements of large-scale surface water velocities: LSPIV. During

this urban flood and because of the high velocities measured, people slipping and carried

away and appreciable movements of large vehicles were observed.

A one-dimensional numerical hydrodynamic model was also used for the velocity

characterization during flood events. Based on the correct analysis of the video, valuable

hydraulic data can be computed and used for the calibration of the hydrodynamic model.

Various sequences of the video were characterized taking into account the vulnerability

criterion based on the stability of people and vehicles in flash floods proposed by Milanesi

et al. (2015) and Xia et al. (2011), respectively. The maximum measured values of (v�h)
always exceed the vulnerability limits of people defined in previous works (Engineers

Australia 2010) to prevent people from being carried away in streets and other areas of runoff

during a flash flood. It has been shown that if people remained on the sidewalk, they were in a

region of lowvulnerability;whereas if theywere in the street theywere in area a region of high

vulnerability. For both cases, the associated instability mechanism for people is slipping. In

addition, it was shown that the flow contraction caused by vehicles on the right bank (right

side of the street) significantly increases the vulnerability and risk of the analyzed situation.

In order to analyze the stability thresholds for vehicles, the criterion proposed by Xia

et al. (2011) was used. Using the measurements collected in Xia’s study, it was shown that

downstream of the flow contraction, the vehicle’s instability limit is exceeded and corre-

sponds to the appreciable movement of vehicles observed in the video.

This work illustrates the great potential of citizen science initiatives for improving flood

risk assessment as valuable hydraulic data can be computed using messages, photographs

and movies produced by citizens. Nowadays, new communication and digital image

technologies have enabled the public to produce large quantities of flood observations and

share them through social media. The authors of this paper are working in citizen science

projects in Argentina focused in the generation of crowd-sourced data for flood hydrology.

In addition to citizen science initiatives, the authors are also evaluating the application of

near infrared surveillance camera networks in urban areas to quantify flood vulnerability in

real time using LSPIV.
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