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Los Andes dominan múltiples aspectos de nuestra geografía, 
incluyendo el suministro de agua y servicios ambientales 

Cortés et al., 2011 
Cortés et al., 2011 

Cortés et al., JoH 2011 



Evidencias de rápidos 
cambios climáticos no se 
han reproducido de igual 
forma en caudales de ríos. 

¿Cuál ha sido la evolución 
pasada del manto de nieve 
estacional? 
 
¿Cuáles son los factores que 
predominan en su dinámica 
temporal y espacial? 

that an extreme event has in the determination of the hydrological
regime of these basins is yet to be studied, as hydrometeorological
processes involved during the occurrence of these events may
represent non-traditional interactions due to the existence of two
apparently contradicting climate forcing on the watershed (precip-
itation vs. temperature). Thus, analysis using historical time series
could be insufficient for the comprehension of this phenomenon.

4. Trend analysis

The trend test described in the methodology was first applied to
the entire time period (1961–2006). Results are shown in Fig. 11.
Out of 40 stations analyzed, 23 show a negative CT trend (signifi-
cant to the 95% confidence level), with streamflow occurrence

shifting towards earlier in the year (this is, towards winter). The
observed change is especially important south of 35!S, with 22
out of 25 stations presenting significant negative trends. North of
this divide, only one out of 15 rivers shows a significant negative
trend. Trends in seasonal fractional and total annual volumes were
also evaluated, and results show that there has been a statistically
significant increase in the ratio of JJA to total annual streamflow for
rivers that present significant negative trends in the CT. Further-
more, DJFM trends are consistent with this result showing an
important decline in the DJFM to total annual volume ratio. This
coherence is observed in Fig. 11. No significant trends were ob-
served for fractional AM/SON volumes, or for total annual volumes.
This result confirms that the observed CT variations are induced by
a redistribution of fractional volume throughout the year.
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Fig. 11. Mann–Kendall test results for the CT and fractional seasonal volumes, 1961–2006 period. Larger circles represent statistical significance to the 95% confidence level.
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Melt flow hydrograph shows no trend for 
high-elevation mountain rivers 

Summer flows decreasing/coming earlier in 
southern Chile -> Precipitation effect 



Es suficiente la red actual de observaciones de nieve para 
efectos de preparación ante sequías/años deficitarios?  
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Figura 4-1. Desempeño de histórico de los pronósticos de caudales. Color verde significa 
pronóstico bueno, amarillo es satisfactorio y rojo es insatisfactorio. 

  

Se observa que en líneas generales, el desempeño de los pronósticos ha sido 
positivo, con solo una de las estaciones cayendo en la categoría de insatisfactorio 
(Huasco en Algodones), cinco satisfactorios y cinco buenos. 

 Dentro de la zona de estudio, los caudales de deshielo en la región sur (bajo los 
32°S) han sido en su mayoría bien pronosticados, salvo por la estación “Mapocho en 
los Almendros”, mientras los que se encuentran al norte de dicha latitud no lo han sido, 
con ninguna estación entrando en la categoría de buen pronóstico.  
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Figura 4-2. Histogramas de los errores obtenidos. 
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sobre nieve, donde el derretimiento aumenta (con esto la infiltración y la escorrentía), lo 
que resulta en altos peaks de flujo y volumen. Estos procesos son muy difíciles de 
simular y están relacionados a algunas regiones en particular. 

 

3.3.1.3 Problemas relacionados a la aplicación 
 

Muchas veces, al tener poca información la aplicación real y efectiva de los 
modelos de derretimiento disponibles resulta escasa, con lo que su capacidad 
predictiva disminuye.  Esto es lo que sucede, por ejemplo, al aplicar modelos exitosos 
de una cuenca en otra distinta, sin pasar por un proceso de calibración. Finalmente, el 
hecho de que una simulación de derretimiento funcione  de buena manera en un lugar, 
no implica que lo hará de la misma forma en otro, por lo que se debe ser cuidado al 
momento de aplicarlas. 

 

3.4 Medición del error 

 

 Para la medición del error en el pronóstico de los caudales de la DGA, se 
evaluaron diversos indicadores, entre ellos la Nash-Sutcliffe Efficienccy (NSE), que 
luego se descartaría, ya que para ríos con una hidrología tan variable en la escala 
temporal como lo son los de Chile Central, no entregó buenos resultados. También, se 
descartó la utilización de RMSE, ya que coloca más peso en los errores grandes que en 
los pequeños (como resultado de elevar al cuadrado cada término), lo que hace que se 
enfaticen los datos atípicos. 

Finalmente, se plantea como indicador el Porcentaje de Sesgo (PBIAS), que ha 
demostrado comportarse de buena manera analizando caudales (Moriasi, et al., 2007). 

El PBIAS mide la tendencia promedio de las simulaciones a ser mayores o 
menores que las observaciones posteriores (Gupta, et al., 1999). El valor óptimo de 
PBIAS es 0, donde bajas magnitudes señalan una buena simulación. Valores positivos 
indican un sesgo a la subestimación y valores negativos indican sesgo a la 
sobreestimación (Gupta, et al., 1999). PBIAS se calcula de la siguiente forma: 

!"#$% = '∑ )*+,-. − *+.+01 ∗ 1005
+67

∑ *+,-.5
+67

8 
 
( 3-1 ) 
 

Donde *+,-. es el caudal observado, *+.+0 es el pronosticado y PBIAS es la 
desviación de los datos evaluados, expresados como porcentaje. 

Utilizando este indicador, la calidad de los resultados se divide en tres categorías 
(Van Liew, et al., 2005) que se muestran en la Tabla 3-3. 

 

Correa, H. 2013; cybertesis.uchile.cl 

Foto: S. Fernández 



Esta presentación resume un poco de investigación reciente 
(la de mi grupo...) respecto de estos temas  

Reconstrucción de equivalente en agua de nieve 
(EAN) a partir de imágenes MODIS 

Estudio de relación entre nieve y bosques (centro Sur) 

Efecto de la sequía en propiedades del manto de nieve 
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Procesos y variables que determinan la evolución del manto 
de nieve estacional. 

Acumulación: 
-  Patrones espaciales y 

temporales de 
precipitación 

-  Transporte por viento 
-  Avalanchas/transporte 

gravitacional 
-  Intercepción por 

vegetación 

Ablación: 
-  Albedo de la nieve 

-  Impurezas 
-  Tamaño de granos 

-  Energía solar incidente 
-  Flujos turbulentos -> 

evaporación/sublimación 
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Conociendo los flujos de masa y energía en un punto, es 
relativamente sencillo reproducir el comportamiento del 
manto. Dificultad radica sobre todo en extrapolar en el 
espacio Credito figura: Michelle Comte 



Conociendo los flujos de masa y energía en un punto, … 
¿podemos evaluar el efecto de cambios en el clima de 
manera confiable? 

Credito figura: Michelle Comte 



Necesidad de recolectar observaciones en terreno para 
evaluar modelos de extrapolación 
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Imágenes satelitales de cobertura de nieve permiten 
reconstruir condiciones pasadas de EAN -> comprensión de 
patrones 

!! = !"# !!"# + !!"# !!! + !!!! !, 0  
Cornwell et al., HESS 2016 

Shortwave (Hofierka et al., 2002  + clear sky index (http://
power.larc.nasa.gov) 

Longwave radiation Sicart et al., 2004  

Albedo Molotch & Bales, 2006 

Air temperature MOD11A1  + station data (Wan et al., 2004 ) 

Turbulent flux param. Brubaker et al., 2006 

fSCA MOD10A1, Hall et al., 2002  
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Comprensión de patrones: efectos de sequía 
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En zonas vegetadas, existen interacciones entre vegetación 
y nieve que operan en sentidos opuestos.  

¿Existe un efecto 
mitigante o agravante de 
la vegetación durante 
sequías?  

¿Cómo serán las 
interacciones en una 
situación climática 
diferente?  



En zonas vegetadas, existen interacciones entre vegetación 
y nieve que operan en sentidos opuestos.  

¿Existe un efecto mitigante 
o agravante de la 
vegetación durante 
sequías?  

¿Cómo serán las 
interacciones en una 
situación climática 
diferente?  

Las Trancas: Ladera sur 



Las Trancas: Ladera Norte 



Cuenca experimental Valle Hermoso (Nevados de Chillán): 
vegetación disminuye acumulación, pero disminuye tasa de 
derretimiento. Incluso especies de hoja caduca. 

Differential snow accumulation and melt at southern hemisphere deciduous forested sites  
 

James McPhee (1,4), Marlene Huerta (1), Noah Molotch (2,3)  
 

(1)Universidad de Chile, Dept. of Civil Engineering, Santiago, Chile (jmcphee@ing.uchile.cl), (2) University of Colorado, Boulder, Institute of Arctic and Alpine Research,  
(2)(3) Jet Propulsion Laboratory, California Institute of Technology, (4) Universidad de Chile, Advanced Mining Technology Center  

1. Abstract 
 
Little is known about the differential snow dynamics resulting from forest cover in southern 
hemisphere alpine regions. Tree species variability and differences in local climate preclude 
extrapolation of northern hemisphere results and introduce uncertainty on the future impacts of 
climate change on snow-cover duration, maximum accumulation and melt rates. This research 
presents preliminary results from field observations obtained at an experimental watershed in the 
Nevados de Chillan region, in south-central Chile. The relatively low elevation of the Andes 
Cordillera and higher latitude of the site allows the existence of mixed Nothofagus forests, 
sometimes combined with bamboo-type undergrowth. Rain-on-snow events can be observed during 
winter and in the early stages of the austral spring. We installed four instrument clusters at the Valle 
Hermoso experimental catchments, where snow depth, air temperature and relative humidity were 
measured both under canopy and in forest clearings. The clusters where positioned in order to cover 
a range of elevations and sun exposure. Preliminary results from two winter seasons suggest that 
forest cover can impact accumulation rates as much as elevation does, and that melt rates are fairly 
sensitive to forest cover even in low LAI conditions.  

2. Objectives 
 
Analysing temporal variation of forest cover and snow accumulation in relation to basin flow variation. 
Determining representative characteristics about accumulation and snowmelt. 

Fig.1. a) Intersection snow deciduous forest b) Study area elevation c) Satellite image (study area)  

a) 

b) 

 3. Modelling Seasons – Site & Data:  
• Snow accumulation and snowmelt seasons between may to november 2015.  
• Valle Hermoso Basin (36.9°S – 71.4°W) located in Alpine region covered by 
Deciduous forest, south-central Chile. 
• Collected data by the experimental stations: snow depth, air temperature and 
relative humidity, measured both under canopy and in forest clearings. 

  Latitude Longitude Elevation 
[msnm] 

Slope 
(degrees) Aspect  Northness 

Node 1 -36.9148 -71.4166 1633 13.965 189.462 0.560 

Node 2 -36.9104 -71.4089 1809 9.016 174.806 0.172 

Node 3 -36.9103 -71.3989 1938 16.118 258.690 -0.188 

Node 4 -36.9205 -71.4180 1695 14.827 329.931 -0.770 

Table 1. Experimental stations description Fig.2. Pictures of experimental stations  

Node 3 Node 4 Node 2 Node 1 

4. Methodology 
 
Comparative analysis between different snow metrics on each node and 
between both under canopy and forest clearing. 
 
Measures analysed: days with snow, SWE maximum, melting rate,  
elevation and northness. 
 
 
 
 
 
 
 
Field data measurements througth snow-pits: Snow density during the 
snow season. 

Fig.3. Snow density (node 3, snow−pits )  

c) 

Fig.5. Daily average height of snow in each node (season 2015) 

5. Results 
 
• The figure 4 shows the comparative analysis in each node between snow height 
both in forest clearings and under canopy, it appreciates that for all nodes in study 
the máximum snow accumulation occurs in forest clearing. 
xThe node of major elevation (node 3) has the maximum snow accumulation and 
snowmelt rate, starting this process at late september (Fig.5).  

The maximum snow height in forest 
clearing occurs in august, with snowmelt 
starting in september and october. Inste-
ad, under canopy the strong snowmelt 
occurs in november. 

Fig.4. Maximum snow height in each node  

  Days with snow SWE max [mm] Melting Rate [mm/day] 

  Elevation 
[msnm] Clear Canopy Clear Canopy Clear Canopy 

Node 1 1633 168 158 594.69 424.63 20.24 11.53 

Node 2 1809 159 149 930.99 597.08 30.57 19.90 

Node 3 1938 160 161 887.05 813.93 25.05 24.56 
Node 4 1695 134 122 435.24 245.61 18.38 12.48 

Fig.6. Daily average of snow height in each node under canopy and forest clearing 
Table 2. Measures analysed for each node 

6. Conclusions 
 
• The snow accumulation in under canopy is less than forest clearing due to significant 
forest interception. 
• The melting rate is less in under canopy due to the shading effect present. 
• The snow accumulation is greater in higth elevations. 
•The aspect affects over the start of snowmelt due to radiation effects. The north aspect 
present earlier snowmelt. 
 
Future steps: 
• Modelling the ecohydrological procesess involve in each node. 
• Comparing the accumulation and snowmelt wiht the basin flow variation. 
 
 
Acknowledgements: this research was supported by CONICYT project CA13I10277. 

Fig.7.  Comparative analysis the elevation versus SWE max and Days with snow  

Fig.8.  Comparative analysis the northness versus SWE max and Days with snow  
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1. Abstract 
 
Little is known about the differential snow dynamics resulting from forest cover in southern 
hemisphere alpine regions. Tree species variability and differences in local climate preclude 
extrapolation of northern hemisphere results and introduce uncertainty on the future impacts of 
climate change on snow-cover duration, maximum accumulation and melt rates. This research 
presents preliminary results from field observations obtained at an experimental watershed in the 
Nevados de Chillan region, in south-central Chile. The relatively low elevation of the Andes 
Cordillera and higher latitude of the site allows the existence of mixed Nothofagus forests, 
sometimes combined with bamboo-type undergrowth. Rain-on-snow events can be observed during 
winter and in the early stages of the austral spring. We installed four instrument clusters at the Valle 
Hermoso experimental catchments, where snow depth, air temperature and relative humidity were 
measured both under canopy and in forest clearings. The clusters where positioned in order to cover 
a range of elevations and sun exposure. Preliminary results from two winter seasons suggest that 
forest cover can impact accumulation rates as much as elevation does, and that melt rates are fairly 
sensitive to forest cover even in low LAI conditions.  

2. Objectives 
 
Analysing temporal variation of forest cover and snow accumulation in relation to basin flow variation. 
Determining representative characteristics about accumulation and snowmelt. 

Fig.1. a) Intersection snow deciduous forest b) Study area elevation c) Satellite image (study area)  

a) 

b) 

 3. Modelling Seasons – Site & Data:  
• Snow accumulation and snowmelt seasons between may to november 2015.  
• Valle Hermoso Basin (36.9°S – 71.4°W) located in Alpine region covered by 
Deciduous forest, south-central Chile. 
• Collected data by the experimental stations: snow depth, air temperature and 
relative humidity, measured both under canopy and in forest clearings. 

  Latitude Longitude Elevation 
[msnm] 

Slope 
(degrees) Aspect  Northness 

Node 1 -36.9148 -71.4166 1633 13.965 189.462 0.560 

Node 2 -36.9104 -71.4089 1809 9.016 174.806 0.172 

Node 3 -36.9103 -71.3989 1938 16.118 258.690 -0.188 

Node 4 -36.9205 -71.4180 1695 14.827 329.931 -0.770 

Table 1. Experimental stations description Fig.2. Pictures of experimental stations  

Node 3 Node 4 Node 2 Node 1 

4. Methodology 
 
Comparative analysis between different snow metrics on each node and 
between both under canopy and forest clearing. 
 
Measures analysed: days with snow, SWE maximum, melting rate,  
elevation and northness. 
 
 
 
 
 
 
 
Field data measurements througth snow-pits: Snow density during the 
snow season. 

Fig.3. Snow density (node 3, snow−pits )  

c) 

Fig.5. Daily average height of snow in each node (season 2015) 

5. Results 
 
• The figure 4 shows the comparative analysis in each node between snow height 
both in forest clearings and under canopy, it appreciates that for all nodes in study 
the máximum snow accumulation occurs in forest clearing. 
xThe node of major elevation (node 3) has the maximum snow accumulation and 
snowmelt rate, starting this process at late september (Fig.5).  

The maximum snow height in forest 
clearing occurs in august, with snowmelt 
starting in september and october. Inste-
ad, under canopy the strong snowmelt 
occurs in november. 

Fig.4. Maximum snow height in each node  

  Days with snow SWE max [mm] Melting Rate [mm/day] 

  Elevation 
[msnm] Clear Canopy Clear Canopy Clear Canopy 

Node 1 1633 168 158 594.69 424.63 20.24 11.53 

Node 2 1809 159 149 930.99 597.08 30.57 19.90 

Node 3 1938 160 161 887.05 813.93 25.05 24.56 
Node 4 1695 134 122 435.24 245.61 18.38 12.48 

Fig.6. Daily average of snow height in each node under canopy and forest clearing 
Table 2. Measures analysed for each node 

6. Conclusions 
 
• The snow accumulation in under canopy is less than forest clearing due to significant 
forest interception. 
• The melting rate is less in under canopy due to the shading effect present. 
• The snow accumulation is greater in higth elevations. 
•The aspect affects over the start of snowmelt due to radiation effects. The north aspect 
present earlier snowmelt. 
 
Future steps: 
• Modelling the ecohydrological procesess involve in each node. 
• Comparing the accumulation and snowmelt wiht the basin flow variation. 
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Fig.7.  Comparative analysis the elevation versus SWE max and Days with snow  

Fig.8.  Comparative analysis the northness versus SWE max and Days with snow  
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¿Cuál es el efecto de la sequía sobre las propiedades 
térmicas del manto de nieve en zonas áridas? 

Modelo “Snowpack” 



Magnitud y temporalidad de 
precipitación muestran impactos 
sobre temperatura de la nieve 

1−May 17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2013 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2014 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2015 - Estación Tascadero
SWE [cm]

1−May 17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2013 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2014 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2015 - Estación Tascadero
SWE [cm]



Alt
ura

 de
nie

ve 
[cm

]

01:00:00
11.04.13

03:52:30
14.05.13

06:45:00
16.06.13

09:37:30
19.07.13

12:30:00
21.08.13

15:22:30
23.09.13

18:15:00
26.10.13

21:07:30
28.11.13

00:00:00
01.01.14

Temporada de nieve año 2013 - Estación Tascadero

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Temperatura [°C]
-20.0 -17.5 -15.0 -12.5 -10.0 -7.5 -5.0 -2.5 0.0

Alt
ura

 de
nie

ve 
[m

]

02:00:00
11.04.14

05:00:00
14.05.14

08:00:00
16.06.14

11:00:00
19.07.14

14:00:00
21.08.14

17:00:00
23.09.14

20:00:00
26.10.14

23:00:00
28.11.14

02:00:00
01.01.15

Temporada de nieve año 2014 - Estación Tascadero

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Temperatura [°C]
-20.0 -17.5 -15.0 -12.5 -10.0 -7.5 -5.0 -2.5 0.0

Alt
ura

 de
nie

ve 
[cm

]

00:00:00
11.04.15

03:00:00
14.05.15

06:00:00
16.06.15

09:00:00
19.07.15

12:00:00
21.08.15

15:00:00
23.09.15

18:00:00
26.10.15

21:00:00
28.11.15

00:00:00
01.01.16

Temporada de nieve año 2015 - Estación Tascadero

0.0

50.0

100.0

150.0

200.0

Temperatura [°C]
-20.0 -17.5 -15.0 -12.5 -10.0 -7.5 -5.0 -2.5 0.0

Magnitud y temporalidad de 
precipitación muestran impactos 
sobre temperatura de la nieve 

1−May 17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2013 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2014 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2015 - Estación Tascadero
SWE [cm]

1−May 17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2013 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2014 - Estación Tascadero
SWE [cm]

17−May 17−Jun 17−Jul 17−Ago 17−Sep 17−Oct 17−Nov 30−Nov
0

5

10

15

20

25

30

35

Fecha

SW
E
[cm

]

Snowwater equivalent 2015 - Estación Tascadero
SWE [cm]



Resumen 

Es posible conocer más sobre las propiedades 
de distribución espacial de la nieve a partir de 
imágenes satelitales 

Red de observaciones actuales puede y debe 
ser mejorada: cobertura espacial, variables 
observadas. 

Modelos físicamente realistas del balance de 
energía y masa son necesarios para 
comprender y predecir los procesos e impacto 
de sequías y cambio climático 

 



¿Preguntas? 

 

¡Muchas gracias por su 
paciencia! 


