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Motivation

Goal

Approach – MODIS Triangle Method

• Disturbances (urbanization, wildfire, and climate change) alter landscapes, land-

atmosphere interactions and hydrologic behavior

• Remote sensing provides key information about pre- and post-disturbance environments

• Critical for spatial and temporal monitoring of long-term response

• MODIS products are used in developed independent, stand-alone algorithms 

and detection methods for:

o Net Radiation (SW and LW parameters) (Kim and Hogue, 2008)

o Evapotranspiration (ET) (Kim and Hogue, 2012a, 2012b, 2013)

• Algorithms and methods are applied over a small region in the Northern 

Sierra Nevada Mountain Range

• Develop and test popular remote-sensing based ET methods to obtain an ET product 

feasible for operational use in altered systems where little gaged data exists

• SSEBop (Operational Simplified Surface Energy Balance) (Senay et al., 2013)

• MODIS MOD16* (Mu et al., 2007)

• MODIS Triangle Method (Wang et al., 2001; Kim and Hogue, 2013)
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• MODIS Triangle Method (Wang et al., 2001; Kim and Hogue, 2013)
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and detection methods for:
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Sierra Nevada Mountain Range

*Product downloaded from Montana’s Numerical Terradynamic Simulation Group
(ftp.ntsg.umt.edu/pub/MODIS/Mirror/MOD16/)  
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Estimation of ET (LE)

( − )
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Estimation of ET (LE) LE = ( − )

All values can be estimated on a 

regional scale for all sky conditions 

using only satellite based data
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MYD03
Geolocation

MYD05
Water Vapor

MYD06
Cloud Fraction

Cloud Optical Thickness

Surface Temperature

MYD07
Total Ozone 

Air Temperature

Dew-Point Temperature

MYD11
Emissivity 

LST

Net Radiation (Rn)

(Bisht and Bras, 2010; 

Kim and Hogue, 2008, 2013)

𝐑𝐧𝐞𝐭 = 𝐒𝐖 ↓ 𝟏 − 𝑨𝒍𝒃 𝑪𝑪 + 𝑳𝑾 ↓ −𝑳𝑾 ↑

𝑺𝑾 ↓ =
𝑹𝒔(𝟏 + 𝐜𝐨𝐬 𝟐𝒛 )

𝟐(𝟏. 𝟎𝟖𝟓𝐜𝐨𝐬 𝒛 + 𝟎. 𝟎𝟎𝟏𝒆𝟎 𝟐. 𝟕 + 𝐜𝐨𝐬 𝒛 + 𝟎. 𝟐)

𝑪𝑪 = 𝟏 − 𝑪𝒇 + 𝑪𝒇𝐞𝐱𝐩  
𝑪𝒐𝒑𝒕

𝐜𝐨𝐬 𝒛

𝐋𝐖 ↓ = 𝛆𝐚𝐓𝐚
𝟒 + 𝟏− 𝛆𝐚 𝛆𝐜𝐓𝐜

𝟒

𝐋𝐖 ↑ = 𝛆𝐬𝐓𝐬
𝟒

𝑧 = 𝑧𝑒𝑛𝑖𝑡ℎ 𝑎𝑛𝑔𝑙𝑒
𝑒0 = 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐶𝑓 = 𝑐𝑙𝑜𝑢𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝐶𝑜𝑝𝑡 = 𝑐𝑙𝑜𝑢𝑑 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝜀𝑎 = 𝑎𝑖𝑟 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦

𝑇𝑎 = 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝜀𝑐 = 𝑐𝑙𝑜𝑢𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦

𝑇𝑐 = 𝑐𝑙𝑜𝑢𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝜀𝑠 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦
𝑇𝑠 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝑓(𝑎𝑖𝑟 𝑡𝑒𝑚𝑝. , 𝑑𝑒𝑤 𝑝𝑜𝑖𝑛𝑡 𝑡𝑒𝑚𝑝. )

Estimation of ET (LE) LE = ( − )
MODIS Products
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𝑇𝑠 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝑓(𝑎𝑖𝑟 𝑡𝑒𝑚𝑝. , 𝑑𝑒𝑤 𝑝𝑜𝑖𝑛𝑡 𝑡𝑒𝑚𝑝. )

Estimation of ET (LE) LE = ( − )

MOD13/MYD13
NDVI

MYD43
Albedo

Ground Heat Flux (G)
(SEBAL; Bastiaanssen et al., 1998)

𝐆 =
𝐓𝐬
𝐀𝐥𝐛

(𝟎. 𝟎𝟎𝟑𝟖𝐀𝐥𝐛 + 𝟎. 𝟎𝟎𝟕𝟒𝐀𝐥𝐛𝟐)(𝟏 − 𝟎. 𝟗𝟖𝐍𝐃𝐕𝐈𝟒)
𝑇𝑠 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝐴𝑙𝑏 = 𝐴𝑙𝑏𝑒𝑑𝑜

MODIS Products
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MOD13/MYD13
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MYD03
Geolocation

Evaporative Fraction (EF)
(Wang et al., 2006; Kim and Hogue, 2013)

𝐄𝐅 = 𝛂
𝚫

𝚫 + 𝛄
𝛾 = 𝑝𝑠𝑦𝑐ℎ𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝜟 =
𝟐𝟔𝟐𝟗𝟕. 𝟕𝟕

𝑻𝒂 − 𝟐𝟗. 𝟔𝟓 𝟐
𝐞𝐱𝐩

𝟏𝟕. 𝟔𝟕 𝑻𝒂 − 𝟐𝟕𝟑. 𝟏𝟓

𝑻𝒂 − 𝟐𝟗. 𝟔𝟓
𝑇𝑎 = 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

MODIS Products
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Evaporative Fraction (EF) – Triangle Method+

EF = α
Δ

Δ + γ

 +Tang et al., 2010

*Wang et al., 2006

**Jiang & Islam (2001)
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Evaporative Fraction (EF) – Triangle Method+

EF = α
Δ

Δ + γ

𝛂𝐢 =
𝚫𝐓𝐦𝐚𝐱 − 𝚫𝐓𝐢
𝚫𝐓𝐦𝐚𝐱 − 𝚫𝐓𝐦𝐢𝐧

𝛂𝐦𝐚𝐱 − 𝛂𝐦𝐢𝐧 + 𝛂𝐦𝐢𝐧

𝛂𝐦𝐢𝐧 = 𝟏. 𝟐𝟔𝐟𝐯𝐞𝐠 = 𝟏. 𝟐𝟔
𝐄𝐕𝐈𝐢 − 𝐄𝐕𝐈𝐦𝐢𝐧
𝐄𝐕𝐈𝐦𝐚𝐱 − 𝐄𝐕𝐈𝐦𝐢𝐧

𝛂𝐦𝐚𝐱 = 𝟏. 𝟐𝟔
∗∗

Observed Triangular Domain

+Tang et al., 2010

*Wang et al., 2006

**Jiang & Islam (2001)
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Evaporative Fraction (EF) – Triangle Method

EF = α
Δ

Δ + γ

𝛂𝐢 =
𝚫𝐓𝐦𝐚𝐱 − 𝚫𝐓𝐢
𝚫𝐓𝐦𝐚𝐱 − 𝚫𝐓𝐦𝐢𝐧
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𝐄𝐕𝐈𝐢 − 𝐄𝐕𝐈𝐦𝐢𝐧
𝐄𝐕𝐈𝐦𝐚𝐱 − 𝐄𝐕𝐈𝐦𝐢𝐧

𝛂𝐦𝐚𝐱 = 𝟏. 𝟐𝟔
∗∗

Observed Triangular Domain

𝑇 =
𝑇𝑠
4

𝑐𝑜𝑠𝛾

 1 4 Cosine Method:

Corrects for terrain-induced 

angular effects

+Tang et al., 2010

*Wang et al., 2006

**Jiang & Islam (2001)
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Study Area – Sagehen Watershed

Snow Depth (NOAA NOHRSC)

S
ta
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Site Latitude Longitude Elevation Vegetation 

 (deg) (deg) (m)  
Site 1 39.43143 -120.23990 1940      Shrub/Scrub  

Site 3 39.42760 -120.28287 2130 Shrub/Scrub 

Site 8 38.41813 -120.23922 2080 Shrub/Scrub 

Site 11 39.43545 -120.28796 2110 Shrub/Scrub 
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Study Area – Sagehen Watershed
• USFS GTR 237: Managing Sierra Nevada Forests to restore natural forest 

structure (North et al., 2012)

• Sagehen Experimental forest management prototype for the Sierra Nevada

• Treatments started summer 2014

• Evaluate variability in fuel treatments and corresponding water yield response

• Understand altered annual and seasonal water budgets
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Validation - Net Radiation (Rnet)

1 3

118

• Daily

• 250m Resolution

• Years 2010 - 2014

• Model systematically 

underestimates surface 

net radiation



Validation - Net Radiation (Rnet)

Observed Rnet (W/m2)

M
o

d
el

ed
 R

n
et

(W
/m

2
)

11
R = 0.69
RMSE = 69 W/m2

Bias = 46 W/m2

R = 0.65
RMSE = 122 W/m2

Bias = 102 W/m2

R = 0.67
RMSE = 97 W/m2

Bias = 75 W/m2

**Kim and Hogue, 2013

**

1 3

118

R = 0.68
RMSE = 116 W/m2
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• Slight over-estimations 

(Sites 1 & 3)

• Fraval Sandy Loam –

moderately deep and 

well-drained
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• Monthly total ET 

(mm/month)

• 1 km Resolution

• Poor Performance by 

MOD16

• SSEBop and MODIS 

Triangle Method show 

improved estimations 

to that of MOD16
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Concluding Remarks

• ET is arguably one of the most difficult hydrologic components to estimate 

given its dependence on a range of climatological parameters (i.e. solar 

radiation, temperature, wind speed, vapor pressure, etc.).

• Methods show the ability to accurately estimate ET with improved spatial 

and temporal scale in remote data sparse regions. 

• Methods also show promise in an ability to monitor land cover change and 

disturbances such as regional treatments using remotely sensed products. 

• The continuation of rapid landscape alterations due to climate change, 

urbanization and forest fire, among others, provide the motivation to 

continue improving remote sensing techniques in estimation of ET and other 

hydro-meteorological parameters for operational use.
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kknipper@mines.edu
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