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ECOSTRESS	Science	Data	Products	

L2	 -	Surface	Temperature	
-	Surface	Emissivity	

L3	 -	Evapotranspira-on	(ET)	

L4	 -	Water	Use	Efficiency	
-	Evapora-ve	Stress	Index	(ESI)	

ECOSTRESS		
70	m/pixel	

Simulated	ECOSTRESS	
(MODIS	and	NCEP)	

1km/pixel	

ECOSTRESS



Main Ideas
•  ECOSTRESS	data	complements	exis-ng	measures	of	drought	impacts		

	
•  Drought-induced	plant	stress	varies	depending	on	year,	season	and	land	use	(not	
just	precipita-on)	

•  ECOSTRESS	ET	data	can	support	farmers	and	land	managers	to	more	effec-vely	
steward	their	resources	
	
	



Research Ques<ons

1.  How	severe	was	the	drought	in	
Guanacaste	from	2013	to	2015	relaTve	
to	historical	precipitaTon	records?	

2.  What	was	the	spaTal	distribuTon	and	
magnitude	of	annual	and	seasonal	
anomalies	in	NDVI,	ET,	PET	and	ESI	
during	the	drought	period?	

3.  How	does	plant	stress,	as	measured	by	
ESI,	differ	across	land	cover	type,	year,	
and	season?	



Hypothesis

1.   Precipita-on-based	
drought	measurement	

	SPI	
•  Annual	2015	rainfall	is	>2	
standard	deviaTons	below	
historic	mean	

•  Seasonality	doesn’t	ma]er		
(Van	Loon	et	al.,	2014)		

3.	ECOSTRESS	drought	
measurement	

	ET,	PET	&	ESI	
•  		ET,					PET,				ESI	
(Fisher	et	al.	2008,	Shah	2003)		
•  Seasonality	does	ma]er		
(Vicente-Serrano	et	al.,	2010)	
	

2.	Vegeta-on-based	
drought	measurement			
			 	NDVI	
•  			NDVI	
•  Seasonality	does	ma]er		
	
	



Methods

IMN	 GPCC	

SPI	Analysis	

1951	–	2015	
PrecipitaTon	

Seasonality?	

Landsat	7	
16-day	composite		

Baseline	and	
anomalies	

2000	–	2015	mean		
NDVI	

Seasonality?	

2.	NDVI	 3.	ET,	PET,	ESI	1.	SPI	

ANOVA	RF	Land	Cover	
ClassificaTon	

Landsat	8,	Kauth-
Thomas	(1976)	

MODIS	 NCEP	

Baseline	and	
anomalies	

PT-JPL	2002	–	2015		
ET,	PET,	ESI	

Seasonality?	

DigiTzed	Training	
Data	



Seasonal SPI Analysis

Slope	=	-0.16	 Slope	=	-0.08	



Seasonal NDVI Anomalies



Results – Annual PET Analysis



Mean Seasonal PET
2015	Dry	Season	 2014	Dry	Season	 2013	Dry	Season	

2015	Wet	Season	

	

2014	Wet	Season	

	

2013	Wet	Season	



Seasonal PET Anomalies
2015	Dry	Season	 2014	Dry	Season	 2013	Dry	Season	

2015	Wet	Season	

	

2014	Wet	Season	

	

2013	Wet	Season	



ET Analysis



Mean Seasonal ET
2015	Dry	Season	 2014	Dry	Season	 2013	Dry	Season	

2015	Wet	Season	

	

2014	Wet	Season	

	

2013	Wet	Season	



Seasonal ET Anomalies
2015	Dry	Season	 2014	Dry	Season	 2013	Dry	Season	

2015	Wet	Season	 2014	Wet	Season	

	

2013	Wet	Season	

	



Annual ESI

  

  

  

2015	Wet	Season	ESI		 2014	Wet	Season	ESI	 2013	Wet	Season	ESI	

2015	Dry	Season	ESI		 2014	Dry	Season	ESI	 2013	Dry	Season	ESI	

Higher	plant	stress	

Lower	plant	stress	



Random Forests Classifica<on Map		

16	

Run	(2)	 Run	(1)	Run	(3)	



ANOVA Analysis  



ANOVA Analysis

1.  Randomly	Sampled	and	Independent	–	No	(Pixels	have	spaTal	autocorrelaTon)	

2.  Normality	of	data	and	residuals	–	No	(Shapiro	Wilks	W	=	0.65733,	P-value	<0.0001)	

3.  HomoscedasTcity	–	No	(Bartle]	test	for	Year,	Season,	LC,	ESI	have	P-value	<0.0001)	

	

Assump-ons	

Solu-on?	

Bootstrap	random	samples	of	1000	observaTons	per	LC	category:	
	Type	1	(balanced)	fully-crossed,	fixed	effects	model	(Adèr	et	al.,	2008)	
	



ANOVA Analysis

Null	Hypothesis	
There	are	no	differences	in	ESI	across	the	levels	of	land	cover	type,	
year	and	season.		

Research	Ques-on	

How	does	ESI	differ	across	land	cover	type	(agriculture,	forest	and	
grassland),	year	(2015,	2014,	2013	and	baseline	2002-2012)	and	
season	(wet	and	dry)?	

ANOVA	Design	

Type	1	(balanced	data)	fully-crossed,	fixed	effects	model:	
meanESI~	Year	*	Season	*	Land	Cover	



ANOVA Type 1 (Balanced) Results

		
Sum	Sq	

	
DF	
	

F	
	

P-Value	
	

Effect	Size	
(ParTal	η2)	

Year	 1.374	 3	 401.653	 <0.0001	 0.288	
Season	 0.053	 1	 46.405	 <0.0001	 0.015	
LC	 0.139	 2	 60.834	 <0.0001	 0.039	
Year*Season	 2.131	 3	 623.046	 <0.0001	 0.386	
Year*LC	 0.003	 6	 0.432	 0.858	 0.001	
Season*LC	 0.036	 2	 15.928	 <0.0001	 0.010	
Year*Season*LC	 0.008	 6	 1.111	 0.353	 0.002	
Residuals	 3.393	 2976	



Future ECOSTRESS 
Applica<ons

Analyze	how	water	use	and	
plant	stress		differed	among	
varying	land	stewardship	
scenarios:	

•  EARTH	University	crop	fields	
•  Partner	producers	
•  Guanacaste	NaTonal	Park	
•  Estación	Experimental	
Forestal	Horizontes	

	

Estación	Experimental	Forestal	Horizontes,	1999	

2001	 2004	



Main Ideas
•  ECOSTRESS	data	complements	exis-ng	measures	of	drought	impacts		

•  PrecipitaTon-based	drought	indices	cannot	capture	other	moisture	inputs	to	the	land	surface	
system	(Allen	et	al.	2007,	Anderson	et	al.	2007)	

	
•  Drought-induced	plant	stress	varies	depending	on	year,	season	and	land	use		(not	
just	precipita-on)	

•  Especially	in	Year	and	the	interacTon	term	of	Year	and	Season	

•  ECOSTRESS	ET	data	can	support	farmers	and	land	managers	to	more	effec-vely	
steward	their	resources	

•  Intra-field	ET	variability	across	the	diurnal	cycle	can	inform	farmers	where	and	when	to	irrigate	
•  Measuring	the	effects	of	various	land	stewardship	scenarios	on	plant	stress	can	inform	drought	
resilient	land	management	pracTces	

	
	



Savannah	Cooley	
Savannah.s.cooley@jpl.nasa.gov	

sacooley@clarku.edu	

Thank you for your aUen<on!



References	
Adèr,	H.	J.,	&	Adèr,	M.	(2008).	Advising	on	research	methods:	A	consultant's	companion.	Johannes	van	Kessel	Publishing.	
Allen,	R.	G.,	Tasumi,	M.,	&	Trezza,	R.	(2007).	Satellite-based	energy	balance	for	mapping	evapotranspiraTon	with	internalized	calibraTon	
(METRIC)—Model.	Journal	of	irrigaTon	and	drainage	engineering,	133(4),	380-394.	
Anderson,	M.	C.,	Norman,	J.	M.,	Mecikalski,	J.	R.,	Otkin,	J.	A.,	&	Kustas,	W.	P.	(2007).	A	climatological	study	of	evapotranspiraTon	and	moisture	
stress	across	the	conTnental	United	States	based	on	thermal	remote	sensing:	1.	Model	formulaTon.	Journal	of	Geophysical	Research:	
Atmospheres,	112(D10).	
Fisher,	J.	B.,	Tu,	K.	P.,	&	Baldocchi,	D.	D.	(2008).	Global	esTmates	of	the	land–atmosphere	water	flux	based	on	monthly	AVHRR	and	ISLSCP-II	
data,	validated	at	16	FLUXNET	sites.	Remote	Sensing	of	Environment,	112(3),	901-919.	
Gao,	X.,	Huete,	A.	R.,	Ni,	W.,	&	Miura,	T.	(2000).	OpTcal–biophysical	relaTonships	of	vegetaTon	spectra	without	background	
contaminaTon.	Remote	Sensing	of	Environment,	74(3),	609-620.	
June,	T.,	Evans,	J.	R.,	&	Farquhar,	G.	D.	(2004).	A	simple	new	equaTon	for	the	reversible	temperature	dependence	of	photosyntheTc	electron	
transport:	a	study	on	soybean	leaf.	FuncTonal	plant	biology,	31(3),	275-283.	
McKee,	T.	B.,	Doesken,	N.	J.,	&	Kleist,	J.	(1993,	January).	The	relaTonship	of	drought	frequency	and	duraTon	to	Tme	scales.	In	Proceedings	of	the	
8th	Conference	on	Applied	Climatology	(Vol.	17,	No.	22,	pp.	179-183).	Boston,	MA:	American	Meteorological	Society.	
Naresh	Kumar,	M.,	Murthy,	C.	S.,	Sesha	Sai,	M.	V.	R.,	&	Roy,	P.	S.	(2009).	On	the	use	of	Standardized	PrecipitaTon	Index	(SPI)	for	drought	
intensity	assessment.	Meteorological	applica>ons,	16(3),	381-389.	
Rossi	G,	Benedini	M,	Tsakiris	G,	Giakoumakis	S	(1992)	On	regional	drought	esTmaTon	and	analysis.	Water	Resour	Manag	6:249–277.	
Shah,	N.	H.,	&	Paulsen,	G.	M.	(2003).	InteracTon	of	drought	and	high	temperature	on	photosynthesis	and	grain-filling	of	wheat.	Plant	and	Soil,	
257(1),	219-226.	Shapiro,	S.	S.,	&	Wilk,	M.	B.	(1965).	An	analysis	of	variance	test	for	normality	(complete	samples).	Biometrika,	52(3/4),	591-611.	
Van	Loon,	A.	F.,	Tijdeman,	E.,	Wanders,	N.,	Van	Lanen,	H.	A.,	Teuling,	A.	J.,	&	Uijlenhoet,	R.	(2014).	How	climate	seasonality	modifies	drought	
duraTon	and	deficit.	Journal	of	Geophysical	Research:	Atmospheres,	119(8),	4640-4656.	
Vicente-Serrano,	Sergio	M.,	SanTago	Beguería,	and	Juan	I.	López-Moreno	(2010).	"A	mulTscalar	drought	index	sensiTve	to	global	warming:	the	
standardized	precipitaTon	evapotranspiraTon	index."	Journal	of	Climate	23,	no.	7	1696-1718.	
Weib,	M.,	&	Menzel,	L.	(2008).	A	global	comparison	of	four	potenTal	evapotranspiraTon	equaTons	and	their	relevance	to	stream	flow	modeling	
in	semi-arid	environments.	Adv	Geosci,	18,	15-23.	



Annual SPI Analysis

SPI	Values Drought	
Category 

Cumula-ve	
Probability 

Time	in	
Category 

0	to	-0.99 mild	drought 0.158 24% 

-1.00	to	-1.49 moderate	
drought 

0.067 9.2% 

1.50	to	-1.99 severe	drought 0.023 4.4% 

≤	-2.00 extreme	drought <0.023 2.3% 

Drought	severity	categories	
established	by	McKee	et	al.	(1993)	



Methods – Priestley – Taylor model

PET	=	α	 Δ/Δ+γ  𝑅𝑛	
Δ	=	0.200	(0.00738	T	+	0.8072)7		

γ	=	α	 Cp p/0.622λ  	

PET	=	daily	potenTal	evapotranspiraTon	(mm)	
T	=	daily	mean	air	temperature	(°C)	
α	=	correcTon	factor	=	1.26		
Δ	=	slope	of	saturaTon	vapor	pressure	vs.	temperature	
curve	(kPa	°	C-1)		
γ	=	psychrometric	constant	modified	by	the	raTo	of	canopy	
resistance	to	atmospheric	resistance	(∼	0.066	kPa	°	C-1)	
cp	=	specific	heat	of	moist	air	(1.013	kJ	Kg-1	°	C-1)	
p	=	atmospheric	pressure	(kPa)	
Rn	=	net	radiaTon	(MJ	m2	d-1)	
	

Priestley-Taylor	(1972)	model:	



Methods –  
PT-JPL model

Priestley Taylor Jet Propulsion Laboratory (PT-
JPL) model parameters, descrip<ons, equa<ons 
and references from Fisher et al (2008). 

Parameter  Descrip<on Equa<on Reference

ET Evapotranspira<on ETs     +     ETc        +      ETi  

ETc
Canopy transpira<on (1 - fwet )fg fT fM α Δ/Δ+ γ  Rnc

Priestley and 
Taylor (1972)

ETs
Soil evapora<on (fwet  + fSM (1 - fwet ))fg fT fM α Δ/Δ+ γ  (Rns      

– G)

Priestley and 
Taylor (1972)

ETi
Intercep<on evapora<on fwet  α Δ/Δ+ γ  Rnc

Priestley and 
Taylor (1972)

fwet
Rela<ve surface wetness RH4 Fisher et al (2008)

fg
Green canopy frac<on fAPAR/fIPAR  



 

fT Plant temperature constraint Exp (− (𝑇𝑚𝑎𝑥−𝑇𝑜𝑝𝑡/λ )↑2 )  June et al (2004)

fM Plant moisture constraint


fAPAR/fAPARmax  


Fisher et al (2008)

fSM Soil moisture constraint RHVPD/β  Fisher et al (2008)

fAPAR Frac<on of PAR absorbed by 
green vegeta<on cover

m1SAVI + b1 Gao et al (2000)

fIPAR Frac<on of PAR intercepted by 
total vegeta<on cover

m2NDVI + b2 Fisher et al (2008)

fc
Frac<onal total vegeta<on cover fIPAR Campbell and 

Norman (1998)

Topt
Op<mum plant growth 
temperature

Tmax at max{PARfAPARTmax / VPD} Fisher et al (2008)


Rn = net radia<on
Rnc = net radia<on to the canopy 
         (Rn − Rns)
Rns = net radia<on to the soil 
         (Rnexp(− kRnLAI)) 
LAI = total (green + non-green) leaf area index 
           (− ln(1 − fc)/ kPAR)
G = ground heat flux
Tmax = maximum air temperature 
RH = rela<ve humidity
VPD = satura<on vapor pressure deficit 
Δ = satura<on-to-vapor pressure curve slope 
γ = the psychrometric constant 
        (∼ 0.066 kPa °C− 1)

α = 1.26, β = 1.0 kPa, kRn = 0.6, kPAR = 0.5, 
m1 = 1.2*1.136, b1 = 1.2*− 0.04, 
m2 = 1.0, b2 = − 0.05, λ = Topt 



2013	

Mean	=	0.575,	Std.	Dev.	=	0.109	

2014	

Mean	=	0.568,	Std.	Dev.	=	0.105	

2015	

Mean	=	0.552,	Std.	Dev.	=	0.103	



2013	

Mean	=	470	w/m2,	Std.	Dev.	=	29	

2014	

Mean	=	457	w/m2,	Std.	Dev.	=	27	

2015	

Mean	w/m2	=	456,	Std.	Dev.	=	23	



2013	

Mean	=	428	w/m2,	Std.	Dev.	=	26	

2014	

Mean	=	414	w/m2,	Std.	Dev.	=	22	

2015	

Mean	=	416	w/m2,	Std.	Dev.	=	20	



ANOVA Type 3 (Unbalanced) Results

		 Sum	Sq	 DF	 F	 P-Value	
(Intercept)	 1585.96	 1	 1454400	 <0.0001	
Year	 19.69	 3	 6019.5	 <0.0001	
Season	 0.95	 1	 869.76	 <0.0001	
LC	 0.15	 2	 68.042	 <0.0001	
Year*Season	 10.99	 3	 3358.2	 <0.0001	
Year*LC	 0.14	 6	 22.042	 <0.0001	
Season:*LC	 0.03	 2	 15.919	 <0.0001	
Year*Season*LC	 0.04	 6	 6.235	 <0.0001	
Residuals	 48.42	 44227	


