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A REMOTELY SENSED GLOBAL 
TERRESTRIAL D R O U G H T  

SEVERITY INDEX
BY Q iao zhen  M u , Ma o s h e n g  Z h a o , Jo h n  S. K imball, N a t h a n  G .  M c D ow ell , a n d  Steven W .  Ru n n i n g

A  n e w  global Index uses opera tional  satellite rennote sensing as prinnary Inputs and en h a n ce s  

n e a r  real-tlnne d ro u g h t  nnonltoring and nnltlgatlon efforts.

W a te r  is e s s e n tia l  fo r life . W ith  in c re a s in g  
h u m a n  d e v e lo p m e n t a n d  c lim a te  ch an g e , 
w a te r  h a s  b e c o m e  a p iv o ta l  re s o u rc e  fo r 

su s ta in ab le  d eve lopm en t, b o th  so c ie ta lly  a n d  en v i
ro n m e n ta lly . A g ric u ltu re , on  w h ich  a b u rg e o n in g  
p o p u la t io n  d e p e n d s  fo r fo o d , is c o m p e tin g  w ith  
in d u s tr ia l,  h o u seh o ld , a n d  e n v iro n m e n ta l uses for 
in c re a s in g ly  sc a rc e  f r e s h w a te r  s u p p lie s  in  m a n y  
a reas (V o ro sm arty  et al. 2010; R o seg ran t e t al. 2003). 
D ro u g h t is a n  im p o r ta n t adverse c lim atic  even t for
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b o th  ecosystem s a n d  h u m a n  society . G loba l m e a n  
surface a ir tem p era tu re  has increased  by  ab o u t 0.76°C 
since  1850 (T re n b e r th  et al. 2007) a n d  is ex p ec ted  
to  increase  by  1.5°-6 .4°C  b y  th e  end  o f  th e  tw enty- 
firs t c e n tu ry  (M eehl et al. 2007). U n d er a w a rm in g  
clim ate , p e rs is ten t d ro u g h t m ay  increase  (D ai et al. 
2004; P ach au ri a n d  R eisinger 2007; D ai 2011b), w hile 
h u m a n  p o p u la t io n s  a n d  a s s o c ia te d  d e m a n d s  fo r 
freshw ater resou rces are  ris in g , in c reas in g  food  p ro 
d u c tio n  co n s tra in ts  a n d  p u tt in g  g lobal food  se cu rity  
at risk . A ccu ra te  a n d  consis ten t g lobal m ap p in g  an d  
m o n ito r in g  o f  d ro u g h t severity  is essen tia l for w ater 
m an ag e m en t a n d  d ro u g h t m itig a tio n  efforts .

COMMON DROUGHT SEVERITY INDICES.
T here  are  several ind ices  u sed  w idely  for reg iona l- to 
g io b a i-sca ie  d ro u g h t a sse ssm e n t a n d  m o n ito r in g . 
D ro u g h t ind ices in teg ra te  large am o u n ts  o f  da ta , such 
as p re c ip ita tio n , sn o w p ack , s tre am fio w , a n d  o th e r 
w ater sup p ly  in d ica to rs , to  m o n ito r  d ro u g h t sever
ity  in  a co m prehensive  fra m e w o rk  a n d  to  m easu re  
how  m u c h  th e  c lim a te  in  a g iv en  p e rio d  h as d e v i
a ted  fro m  h is to rica lly  estab lished  n o rm a l co n d itio n s  
(N a ra s im h a n  a n d  S rin iv asan  2005). in  th is  sec tion , 
we give a b r ie f  rev iew  o f  so m e  o f  th e  m o s t w ide ly  
u sed  d ro u g h t ind ices, in c lu d in g  th e  P a lm er d ro u g h t 
severity  in d ex  (PD Si; P a lm er 1965; A lley  1984), U.S. 
D ro u g h t M o n ito r (U SDM ; Svoboda et ai. 2002), an d
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a new ly  developed  evapora tive  d ro u g h t in d ex  (EDI) 
by  Yao e t al. (2010).

PDSI. A m o n g  w id e ly  u sed  d ro u g h t in d ic e s  (H e im  
2002), th e  P D S i (P a lm e r 1965; A lley  1984) is th e  
o n ly  in d ex  th a t uses re ad ily  available m o n th ly  p re 
c ip ita tio n  an d  tem p e ra tu re  in p u ts  to  assess d ro u g h t 
(H eim  2002). P a lm er u sed  a tw o-layer bu ck e t m odel 
to  q u a n tify  m o n th ly  w a te r su p p ly  a n d  d e m a n d  by  
a cco u n tin g  for w ater in p u ts  (p rec ip ita tion ), o u tp u ts  
(evapo ra tion  an d  ru n o ff) , a n d  an teced en t soil w ater 
s ta tu s . T he m o d e l also considers m u ltiy ea r average 
m o n th ly  w ater exchanges so th a t  for a g iven  m o n th , 
th e  d e p a r tu re  level o f  p re c ip ita tio n  (supply) fro m  
th e  n o rm a l w a te r d e m a n d  c a n  be  q u a n tif ie d , i t  is 
d iff icu lt to  devise a u n iv e rsa l d ro u g h t in d ex  because  
o f  th e  sp a tia l an d  te m p o ra l co m p lex ity  o f  d ro u g h t, 
a n d  th e  lim ita tio n s  o f  th e  PD Si are w ell d o cu m en ted  
(K e y a n ta s h  a n d  D r a c u p  2 0 0 2 ). T h e  P D S i w as  
o rig in a lly  developed  to  assess d ro u g h t in  se m ia rid  
c lim ates, specifically , th e  G reat P la ins o f  th e  U n ited  
S ta te s  (P a lm e r  1965), a n d  th u s  so m e  p a ra m e te r s  
m a y  n o t w o rk  w ell fo r o th e r  re g io n s  (H e im  2002; 
K eyan tash  an d  D racu p  2002). Som e a ssu m p tio n s  o f 
th e  PD Si d ea lin g  w ith  h y d ro lo g ica l p rocesses  have 
also  b een  critic ized , such  as n o t tre a tin g  fro zen  soil 
o r snow  accu m u la tio n  an d  m elt processes, an d  ac tu a l 
e v a p o tra n sp ira tio n  (ET) o c c u rr in g  a t th e  p o te n tia l 
ra te  (D ai et ai. 2004; H eim  2002). D espite these lim ita 
tio n s , D ai et ai. (2004) fo u n d  th a t  th e  PD Si corre la tes 
w ith  so il m o is tu re  d u rin g  w a rm  seasons.

To ad d ress  som e o f  th e  m ajo r PD Si c o n s tra in ts , 
s e v e ra l n e w  v a r ia n ts  o f  th i s  a p p ro a c h  h ave  b e e n  
developed, in c lu d in g  th e  se lf-ca lib ra ting  PD Si (W eils 
e t ai. 2004) and  th e  PD Si using  im proved  fo rm ula tions 
fo r p o te n tia l e v a p o tra n sp ira tio n  (PET), such  as th e  
P e n m a n -M o n te ith  eq ua tion  (M onte ith  1965), in s tead  
o f  th e  o rig in a l T h o rn th w aite  eq ua tion  (T h o rn th w aite  
1948). D ai (2011a) com pared  an d  evaluated  fou r form s 
o f  th e  PD Si over th e  1850-2008  p e r io d  a n d  fo u n d  
th a t  th e  fo u r  P D S i fo rm s  sh o w  s im ila r  lo n g - te rm  
tre n d s  a n d  co rre la tio n s w ith  observed  m o n th ly  soil 
m o is tu re , yearly  stream fio w , an d  sa te llite -observed  
w a te r s to rag e  ch an g es. D ai (2011a) su g g es ted  th a t  
o th e r  in d ices  sh o u ld  be  a d o p te d  to  ad d ress  l im ita 
tio n s  in  th e  PD Si.

U S D M . C u r r e n t ly ,  th e  N a t io n a l  O c e a n ic  a n d  
A tm o s p h e r ic  A d m in i s t r a t i o n  (N O A A ) a n d  th e  
U .S. D e p a r tm e n t  o f  A g r ic u l tu re  (U SDA ) F o re ig n  
A g ric u ltu ra l Service (FAS) use th e  U SD M  (Svoboda 
e t  a i. 2 0 0 2 ; E a w r im o re  e t a i. 2 0 0 2 ) to  m o n i to r  
v e g e ta t io n  d r o u g h t  s t r e s s  in  th e  U n i te d  S ta te s

( h t t p : / / d r o u g h t m o n i t o r . u n l . e d u / ).  T h e  U S D M  
a ss im ila te s  se v e ra l w id e ly  u se d  c lim a tic  d ro u g h t  
ind ices, in c lu d in g  th e  PD Si (P a lm er 1965), s ta n d a rd 
ized  p rec ip ita tio n  in d ex  (SPi; M cK ee et ai. 1993), p e r
cen t o f  n o rm a l p rec ip ita tion  (PN P; W erick  et ai. 1994), 
la n d  so il m o is tu re  a n d  stream fiow , satellite  n o rm a l
ized  d ifference v ege ta tion  in d ex  (N D V i), an d  m an y  
su p p lem en ta ry  in d ica to rs  for reg iona l d ro u g h t de tec
tio n . H ow ever, in  a d d itio n  to  th e  abov e-m en tio n ed  
PD Si co n stra in ts  an d  th e  lim ita tio n s o f o th er d ro u g h t 
in d ices  (Table 1), u n c e rta in tie s  in  p rec ip ita tio n  da ta  
(Gao et ai. 2010) an d  heterogeneous soil m o istu re  con 
d itio n s  m ay  in tro d u ce  large u n c e rta in tie s  for U SD M  
d ro u g h t d e tec tio n  an d  m o n ito r in g . F u rth e rm o re , th e  
U SD M  o n ly  p ro v id e s  d ro u g h t in fo rm a t io n  acro ss  
N o r th  A m e ric a , a n d  n o  ET d a ta , w h ic h  m a k e s  it 
less u sefu l for o p e ra tio n a l w ater supp ly  assessm ents. 
T hese  assessm en ts a n d  th e  b ro ad e r u ser c o m m u n ity  
w ou ld  benefit fro m  consisten t g lobal d ro u g h t severity  
in d ex  (D Si) a n d  ET p ro d u c ts  a t re la tively  fine  (1-km  
reso lu tion ) sp a tia l reso lu tio n  a p p ro ach in g  th e  o p ti
m a l scale o f  u tility  for a w ide ran g e  o f  w ater resou rce  
ap p lica tions (W ood  et ai. 2011).

EDI. Yao et ai. (2010) p ro p o se d  a n  E D I to  m o n ito r  
d r o u g h ts  o v e r th e  c o n te r m in o u s  U n ite d  S ta te s . 
T h e y  u s e d  M o d e ra te  R e s o lu t io n  im a g in g  S pec- 
tr o ra d io m e te r  (M O D iS) a n d  N a tio n a l C e n te rs  for 
E n v iro n m e n ta l P re d ic t io n -D e p a r tm e n t  o f  E n erg y  
A tm o s p h e r ic  M o d e l  i n t e r c o m p a r i s o n  P r o je c t  
R eana iy sis 11 (N C E P -D O E  11) d a ta , a n d  s ta tis tic a l 
m e th o d s  to  e s tim a te  ET a n d  PET a t 4 -k m  sp a tia l 
re s o lu tio n  a n d  a m o n th ly  tim e  s tep , a n d  u se d  th e  
d ev ia tio n  o f  th e  E T /PE T  ra tio  fro m  u n ity  to  define  
th e  EDI. T he in te g ra te d  rem o te  sen s in g  d a ta  in  th e  
E D I are  sensitive  to  th e  v eg e ta tio n  d ro u g h t re sp o n se  
an d  en hance  ED I capabilities for d ro u g h t m o n ito rin g  
an d  detec tion . H ow ever, th e  sta tis tica l m odels u sed  to 
ca lcu la te  ET a n d  PET for th e  ED I c a lc u la tio n  lack  a 
p hysica l basis , w hile  th e  ap p lica tio n  o f  th ese  m odels 
ou ts id e  th e  d o m a in  a n d  co n d itio n s  fro m  w h ich  th e y  
w ere developed  c a n  re su lt in  u n c e r ta in  ET a n d  PET 
estim ates  a n d  d eg raded  ED I accuracy. T h is  lim its  th e  
effective use o f  th e  E D I o u ts id e  o f  th e  U n ite d  States. 
T h e  E D I a lso  c a n n o t  e a s ily  q u a n ti fy  th e  w e tn e ss  
o r d ry n ess  o f  a reg io n  in  a g iven  m o n th ly  or yearly  
p e rio d . For exam ple , in  a sem ia rid  reg io n  w here th e  
E T /PE T  ra tio  is low, a sm a ll change in  th e  E T/PET 
ra t io  m ig h t c o rre sp o n d  to  a s ig n if ic a n t ch an g e  in  
w etness  b u t re su lt in  m issed  d ro u g h t d e tec tio n , in  
c o n tra s t, for a w et reg io n  w here  th e  E T/PE T  ra tio  is 
h ig h , a la rge  ch an g e  in  E D I m ig h t n o t n ece ssa rily  
im p ly  a s ig n ific an t change  in  w ater stress.
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T a b le  I. S u m m a r y  o f  t h e  c o m m o n ly  u sed  d r o u g h t  Indices.

Indices D esc r ip t io n S t r e n g th s W e a k n e s s e s C i ta t io n s

PNP A  sim ple calculation by 

dividing th e  30-yr  average  

precip itation  for th e  region, 

and m ultiplying by 100%.

E ffective for a single region  

o r  season .

P recipitation d o e s  n o t have 

a norm al distribution . PNP  

d ep en d s on location  and 

season . PNP ca n n o t identify  

specific drought im pacts.

W erick  e t  al. (1994)

D eciles A  sim ple calculation by 

grouping precip itation  into  

d eciles  d istributed  from  1 to  

10. T he lo w e st  value indicates  

con d ition s  drier than norm al 

and th e  higher value ind icates  

c on d ition s  w e tte r  than 

norm al.

A ccu rate  statistical 

m easu rem en t o f  drought 

resp o n se  t o  precip itation , 

and providing uniform ity in 

drought classifications.

A ccu rate  calculations require  

a long c lim ato logy  record  o f  

precip itation .

G ibbs and M aher (1967)

SPI A  sim ple calculation based on  

th e  c o n c e p t th a t precip itation  

defic its o ver  varying periods  

o r  tim e sca les influence  

ground w ater, reservo ir  

storage, soil m oistu re, 

snow pack , and stream fiow .

C om p u ted  for flexib le  

m ultiple tim e  scales, 

provides early w arning o f  

drought and help assessin g  

drought severity.

P recipitation is th e  only  input 

data. SPI values based  on 

long-term  precip itation  may 

change. T he lo n g t im e  scale up 

to  24  m on th s is n o t reliable.

M cK ee e t  al. (1993)

PDSI C alculated  using precip itation , 

tem p era tu re , and soil 

m oistu re  data. Soil m oistu re  

algorithm  has b een  calibrated  

for relatively h o m o g en eo u s  

regions.

T he first com p reh en sive  

drought in d ex  used  w id ely  to  

d e te c t  agricultural drought 

(s e e  t e x t  for d etails).

PDSI may lag em erging  

droughts. N o t  e ffective  for 

m ou nta in ous areas w ith  

freq u en t clim atic e x tr em es , or  

in w in ter  and spring (s e e  t e x t  

for details).

Palmer (1965); A lley  (1984)

PHDI D erived  from  PDSI to  

quantify lon g-term  im pact 

from  hydrological drought.

Sam e as PDSI, but m ore  

e ffective  to  d eterm in e  w h en  

a drough t ends.

PHDI may change m ore slow ly  

than PDSI.

Palmer (1965)

CMI A  derivative o f  PDSI. CMI 

reflects  m oistu re supply in 

th e  sh o r t  term .

E ffective for th e  d ete c tio n  

o f  sh o rt-term  agricultural 

drought so o n e r  than PDSI.

CMI can n ot m on itor  

long-term  drough ts w ell.

Palmer (1968)

SWSI D ev elo p ed  from  th e  

Palmer ind ex by com bining  

hydrological and clim atic 

featu res.

SWSI tak es in to  accou n t 

reservo ir  storage, 

stream fiow , snow pack , and 

precip itation . Effective under  

sn ow p ack  con d ition s.

SWSI is difficult to  com p are  

b e tw ee n  d ifferent basins. 

SWSI ca n n o t d e te c t  e x tr em e  

ev en ts  effectively . N o t  

a suitable ind icator for  

agricultural drought.

Shafer and D ezm an (1982); 

W ilh ite  and G lantz (1985); 

D o esk e n  e t  al. (1991)

RDI Similar to  SPI based on  

precip itation  and PET.

D rou gh t is based on both  

precip itation  and PET. 
A ppropriate  for clim ate  

change scen arios.

U n certa in ties  in input data 

for th e  calculation o f  PET.
RDI at d ifferent basins can n ot 

be com p ared  w ith  each  

o th e r  and has been  com p u ted  

seasonally.

Tsakiris and Vangelis 

(2 0 0 5 ); Tsakiris e t  al. 
(2 0 0 7 )

USDM Based on  several key physical 

ind icators, such as PDSI, SPI, 

PNP, soil m oistu re m odel 

p ercen tiles, daily s tream fiow  

p ercen tiles, r em o te ly  

sen sed  satellite  vegetation  

health index, and many 

supplem en tary  ind icators.

Integrating rem o te ly  sen sed  

satellite  vegeta tion  health  

ind ex to g e th er  w ith  o th er  

drought indices (se e  t e x t  for 

d etails).

USDM  is w eigh ted  to  

precip itation  and soil m oistu re  

in s h o r tte r m . USDM  inherits 

th e  w e a k n e sse s  o f  th e  o th er  

ind ices it u ses (s e e  t e x t  for  

d etails).

Svob oda e t  al. (2 0 0 2 )
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O th e r  co m m o n ly  u sed  d ro u g h t ind ices  (Table 1) 
inc lude  PN P  (W erick  et ai. 1994), deciles (G ibbs an d  
M a h e r 1967), SPi (M cK ee e t ai. 1993), th e  P a lm er 
h y d ro lo g ic a l d ro u g h t in d e x  (P H D I; P a lm e r 1965), 
th e  c ro p  m o is tu re  in d e x  (C M I; P a lm e r 1968), th e  
surface w ater supply  in d ex  (SWSI; Shafer an d  D ezm an  
1982; W ilh ite  a n d  G lan tz  1985; D oesken  et al. 1991), 
a n d  th e  re c la m a tio n  d ro u g h t in d e x  (R D I; T sak iris  
a n d  V angelis 2005; T sak iris et al. 2007). T he relative 
s tre n g th s  a n d  w eaknesses o f these  ind ices are su m 
m arized  in  Table 1, w hile m ost were designed to  detec t 
m eteo ro log ica l an d /o r  hydro log ica l d ro u g h t w ith o u t 
in c o rp o ra tin g  vegeta tion  responses in to  d ro u g h t.

To overcom e these  lim ita tio n s  a n d  to  exp lo it th e  
re la tive  w ea lth  o f  o p e ra tio n a l sa te llite  re co rd s  a n d  
assoc ia ted  veg e ta tion  in d ica to rs , we developed  a D Si 
a lg o rith m  using  sa te llite -derived  ET, PET, a n d  N D V i 
p ro d u c ts  to  d e tec t an d  m o n ito r  d ro u g h ts  on  a g lobal 
basis. P rec ip ita tio n  an d  so il m o is tu re  are n o t u sed  as 
D Si a lg o r ith m  in p u ts  because  o f  c u rre n t large sp a tia l 
u n c e rta in tie s  in  these  data .

REMOTELY SEN SE D  GLOBAL DSI. T h e
s tre n g th s  o f  rem o te ly  sen sed  d a ta , especia lly  th o se  
fro m  p o la r -o rb i tin g  sa te llite s , a re  to  p ro v id e  te m 
p o ra lly  a n d  sp a tia lly  c o n tin u o u s  in fo rm a tio n  over 
v e g e ta te d  su r fa c e s  u se fu l fo r m o n i to r in g  su r fa c e  
b iophysica l variab les a ffec ting  ET, in c lu d in g  albedo , 
b iom e ty p e , an d  lea f a rea  in d ex  (EA i; Eos et ai. 2000). 
M O D iS  o n  b o a rd  th e  N a tio n a l  A e ro n a u tic s  a n d  
Space A d m in is t r a t io n ’s (N A SA ’s) Terra  a n d  A q u a  
s a te llite s  p ro v id e s  u n p re c e d e n te d  in fo rm a t io n  o n  
v e g e ta tio n  a n d  su rface  e n e rg y  c o n d itio n s  (Ju stice  
e t ai. 2002). D esp ite  th e  s tre n g th s  in  th e  m o d els  an d  
concep ts  o f  th e  v a rio u s  d ro u g h t ind ices su m m a riz e d  
in  Table 1, except for th e  U SD M  an d  EDI, w h ich  use 
b o th  re a n a iy s is  m e te o ro lo g ic a l d a ta  a n d  rem o te ly  
sen sed  d a ta  (S voboda et ai. 2002; Yao et ai. 2010), 
m o s t d ro u g h t in d ices  use reana iy sis  m eteo ro log ica l 
da ta  th a t co n ta in  su bstan tia l unce rta in tie s  (Zhao et ai. 
2006; C h en  a n d  B osiiov ich  2007; G ao et ai. 2010). 
M u et ai. (2007, 2009, 2011b) developed  a M O D iS  ET 
m o d e l to  estim a te  ET an d  PET usin g  M O D iS  data . 
U s in g  th e  M O D iS  E T /P E T  (M u e t ai. 2007, 2009, 
2011b) a n d  M O D iS  N D V i (H uete  et ai. 2002) d a ta  
p ro d u c ts ,  we c a lc u la te d  th e  re m o te ly  s e n s e d  D Si 
g lobally  for ail vegeta ted  lan d  areas at 8-day, m on th ly , 
an d  a n n u a l in te rv a ls  over th e  M O D iS  (co llection  5) 
o p e ra tio n a l reco rd  fro m  2000 to  2011.

in  th e  fo llow ing  sec tio n s, we f irs t in tro d u c e  th e  
in p u t d a ta se ts  a n d  th e  D Si m odel; we th e n  evaluate 
D Si p a tte rn s  a n d  an o m alies  in  re la tio n  to  a lte rna tive  
g loba l PD Si in fo rm a tio n  a n d  d o c u m e n te d  reg io n a l

d ro u g h t events. T he M O D iS  o p e ra tio n a l n e t p r im a ry  
p ro d u c tio n  (N PP) p ro d u c t is u sed  as a n  in d ica to r o f 
v ege ta tion  p ro d u c tiv ity  changes u n d e r  d o cu m en ted  
severe d ro u g h ts  in  th e  A m azo n , E urope, a n d  R ussia, 
an d  to  evaluate  co rre sp o n d in g  D Si- a n d  P D S i-based  
v e g e ta tio n  d ro u g h t re sp o n se s . F ina lly , we d iscu ss  
th e  D Si sen s itiv ity  an d  u n c e r ta in tie s  in  re la tio n  to  
d iffe ren t base  p e rio d s  a n d  in p u t data .

Datasets. O p e ra tio n a l g lobal lan d  p ro d u c ts  available 
f ro m  M O D iS  o n  N A SA  E a r th  O b se rv in g  System  
(EOS) Terra an d  A q u a  sa te llites inc lude  th e  M O D16 
E T /PE T  (M u et ai. 2007, 2009, 2011b) p ro d u c ts  an d  
p ro v id e  a m e a n s  to  q u a n tify  w ate r f lu x es b e tw een  
t e r r e s t r i a l  e c o sy s te m s  a n d  th e  a tm o s p h e re . T h e  
M O D 16 ET a n d  PET d a ta  are  u sed  as p r im a ry  in p u ts  
to  calcu late  th e  D Si o n  a g lobal basis for ail te rre s tr ia l 
ecosystem s at con tin u o u s 8-day, m onth ly , an d  an n u a l 
tim e  step s an d  1-km  sp a tia l re so lu tion . D aily  m e te o 
ro log ica l reanaiy sis d a ta  an d  8 -d ay  rem o te ly  sensed  
v ege ta tion  p ro p e r ty  d y n am ics  fro m  M O D iS  are  used  
as in p u ts  to  th e  M O D16 E T/PET a lg o rith m .

T h e  M O D 16 E T /P E T  a lg o r ith m  u se s  th e  w ell- 
k n o w n  P e n m a n -M o n te ith  eq ua tion  (P-M ) (M onteith  
1965) to  ca lc u la te  g lo b a l re m o te ly  sen sed  ET (M u 
e t ai. 2007, 2009, 2011b), a n d  in te g ra te s  b o th  P-M  
(M o n te ith  1965) an d  Priestiey-T ayior (1972) m e th o d s  
to  estim a te  PET (M u et ai. 2 0 0 7 ,2011b). T he ET a lg o 
r i th m  accoun ts  for b o th  su rface  en erg y  p a r tit io n in g  
an d  en v iro n m en ta l co n s tra in ts  on  ET, a n d  inc ludes 
ev ap o ra tio n  fro m  can o p y  in te rcep tio n , w et an d  m o ist 
so il su rfaces, an d  tra n sp ira tio n  fro m  can o p y  stom ata. 
A tm o sp h ere  relative h u m id ity  is u sed  to  q u a n tify  th e  
p ro p o r tio n  o f w et so il an d  w et c an o p y  co m p o n en ts  
(F isher et ai. 2008). P ro p o r tio n a l v ege ta tion  cover is 
e s tim a te d  fro m  M O D iS  fra c tio n  o f  p h o to s y n th e ti-  
ca iiy  ac tive  ra d ia tio n  (FPAR) re tr ie v a ls  (Eos et ai. 
2000), a n d  u sed  to  p a r t i t io n  n e t ra d ia tio n  be tw een  
v e g e ta tio n  a n d  so il su r fa c e s . E eaf-ieve i s to m a ta i  
co n d u c ta n c e  is c o n tro lle d  b y  th e  average  d ay tim e  
su rface  a ir  v ap o r p re ssu re  d efic it (V PD ) an d  d a ily  
m in im u m  a ir  te m p e ra tu re , a n d  is fu r th e r  upscaled  
to  th e  can o p y  level th a t  is n o t covered by  w ater using  
M O D iS  (M O D I5) E A i (M ynen i et ai. 2002). U sing  
th e  co m p lem en ta ry  re la tio n sh ip  h y p o thes is  (B ouchet 
1963; F isher et ai. 2008), soil ev ap o ra tio n  is estim a ted  
as th e  p o te n tia l ev ap o ra tio n  ra te  for w et so il su rfaces 
sca led  d ow n  b y  relative h u m id ity  an d  V P D  for m o ist 
so il con d itio n s . T he da ily  ET ca lcu la tio n  rep resen ts  
th e  s u m  o f  d a y tim e  a n d  n ig h t t im e  ET e s tim a te s . 
A d d itio n a l d e ta ils  re g a rd in g  th e  M O D iS  E T /P E T  
a lg o rith m  logic an d  accu racy  are described  elsew here 
(M u et ai. 2007,2011b).
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T h e  M O D IS  (M O D 16) g lo b a l ET p r o d u c t  h a s  
b een  w idely  v a lid a ted  (M u et al. 2011b) an d  applied  
fo r re g io n a l a n d  g lo b a l ana ly ses  (e.g., M o n ten eg ro  
et al. 2009; Jung et al. 2010; L oarie  et al. 2011). T he 
ET p ro d u c t show s generally  favorable co rrespondence 
(r = 0 .86 , s ta tis t ic a l  s ig n if ic a n c e  p  < 0.0001) w ith  
d a ily  ET estim ates  based  on  tow er eddy  covariance  
m easu rem en ts  for a w ide range  o f  g lobal lan d  cover 
an d  c lim ate  con d itio n s (M u et al. 2011b). T he m ean  
absolu te e rro r  o f  th e  M O D IS ET re trieva ls  w as fou n d  
to  be  ap p rox im ate ly  24.1% o f  th e  average m easu red  
ET, an d  w ith in  the  range  (10% -30% ) o f ET m easu re 
m en t u n c e r ta in ty  (C o u rau lt et al. 2005; Jiang et al. 
2004; K alm a et al. 2008; M u et al. 2011b). T he M O D IS 
ET estim ates w ere also fo u n d  to  acco u n t fo r ap p rox i
m ate ly  85% o f th e  g lobal v a riab ility  in  ET estim ates 
b a se d  o n  r iv e r  d isch a rg e  m e a s u re m e n ts  fro m  232 
g lo b a l w a te rsh ed s  (Q. M u et al. 2012, u n p u b lish e d  
m anuscrip t). A  global analysis o f M O DIS ET retrievals 
from  2000 to 2010 ind icate  a to ta l an n u a l ET flux  from  
th e  vegeta ted  lan d  su rface o f  63.4 x 10  ̂k m ^  w ith  an  
average o f 569 ± 3 5 8  m m  y r ' ,  s im ila r to th e  previously  
re p o r te d  a n n u a l ET estim ate  o f 65.5 x 10  ̂km^ fo r the  
g lobal lan d  su rface (O ki an d  K anae 2006).

S a te l l i te  v e g e ta t io n  g re e n n e s s  in d ic e s  (V is ) , 
especia lly  th e  N D V I an d  en h an ced  v eg e ta tio n  in d ex  
(EV I), have b een  successfu lly  u sed  to  m o n ito r  g lobal 
v e g e ta tio n  p b o to s y n tb e t ic  a c tiv ity  (T u ck e r 1979; 
Justice  et al. 2002; H uete  et al. 2002). T he V is  can  
p o te n t ia l ly  l in k  c lim a te  c h a n g e s  (e.g., in c re a s in g  
freq u en cy  an d  sev e rity  o f  d ro u g h t)  a n d  v eg e ta tio n  
re s p o n se s  as o b se rv e d  th r o u g h  v e g e ta tio n  g re e n 
ness  ch an g es w ith  la n d -a tm o s p b e re  w ater, c a rb o n  
an d  energy  fluxes, an d  associa ted  c lim ate  feedbacks 
(A tk in so n  e t al. 2011). W e in teg ra te  th e  o p e ra tio n a l 
M O D 16 E T /P E T  a n d  M O D 13 N D V I p ro d u c ts  to  
ca lcu la te  a new  rem o te ly  sensed  g lobal DSI.

Methodology. ET is a m e tric  o f  ecosystem  fu n c tio n a l 
s ta tu s  a n d  is d ire c tly  re la ted  to  w ater, c a rb o n , an d  
energy  cycles o f  th e  lan d  su rface . T he ra tio  o f  ET to 
PET is co m m o n ly  u sed  as a n  in d ic a to r  o f  te r re s tr ia l 
w a te r availab ility  an d  associa ted  w etness o r d ro u g h t. 
F o r e a c h  8 -d ay , m o n th ly , a n d  a n n u a l  c o m p o s ite  
p e rio d , we ca lcu la te  th e  ra tio  o f  ET to  PET (Ratio) as

E T
R atio  = ------- . (1)

P E T

T h e  te m p o ra l  s ta n d a rd  d e v ia t io n  o f  R a tio  
a n d  R atio  average (R atio) are  th e n  c o m p u te d  o n  a 
g ridcell-w ise basis over th e  available sa tellite  reco rd  
(2000-presen t). T he stan d a rd iz ed  Ratio is th en  
ca lcu la ted  as

■^Ratio

R atio  -  Ratio
(2)

W e d e riv e  th e  s ta n d a rd iz e d  N D V I (Z^^^^ ĵ) fo r 
each  com posite  p e rio d  d u rin g  th e  c lassified  g row ing  
season  at each  g rid  cell as

N D V I -  N D V I

T he Z„ . an d  te rm s  are th e n  su m m e d  as
Ratio NDV I

Z  — Zn y +  .Ratio NDVI

(3)

(4)

T he rem o te ly  sensed  DSI is fin a lly  ca lcu la ted  as th e  
s ta n d a rd iz e d  Z  value as

D SI =
z -  z

(5)
O'

w h ere  th e  D SI is a d im e n s io n le s s  in d e x  ra n g in g  
th e o re tic a lly  fro m  u n lim ite d  negative  values (d rie r 
th a n  n o rm a l)  to  u n lim ite d  p o sitiv e  v a lu es (w etter 
th a n  no rm al). B ecause o f  relative g rea te r no ise  in  the  
n o ng row ing -season  N D V I signal (Z hao an d  R un n in g  
2011), w e o n ly  u se  N D V I d u r in g  th e  c la s s if ie d  
snow -free g ro w in g  season  in d ica ted  by  th e  M O DIS 
8 -d ay  C lim ate  M odel G rid  (CM C) 0.05° snow  cover 
(M O D 10C 2; H all an d  R iggs 2007); th e  DSI is derived  
u s in g  E T/PE T  w ith o u t N D V I d u r in g  th e  classified  
d o rm a n t season.

T h e  D SI m o d e l u ses  re la tiv e ly  f in e sc a le  (1-km  
r e s o lu t io n )  N D V I in p u t s  f r o m  M O D IS , w h ic h  
p ro v id e s  p o te n t ia l  a d v a n ta g e s  o v e r o th e r  g lo b a l 
d ro u g h t in d ices . F irs t, th e  M O D IS (M O D I5) E A I/ 
FPA R  p r o d u c t  (M y n e n i e t a l. 2002) is p ro d u c e d  
a t 8 -d a y  in te rv a ls  a n d  is a p r im a r y  in p u t  to  th e  
M O D 16 ET a lg o r ith m  (M u e t al. 2011b), in s te a d  o f 
th e  f in e r  (250 m ) re s o lu tio n  b u t c o a rs e r  (16-day) 
tem p o ra l fide lity  M O D13 N D V I/E V I p ro d u c t (H uete 
et al. 2002); th e  M O D 15 a n d  M O D 13 p ro d u c ts  are 
derived  in d e p e n d e n tly  u sing  th e  sam e a tm o sp h ere - 
c o r r e c te d  su r fa c e  re f le c ta n c e  d a ta  (V e rm o te  a n d  
K otcbenova 2010) as in p u ts . T he N D V I is also sen s i
tive to  v eg e ta tio n  d ro u g h t response  (A tk in so n  et al.
2011) a n d  a sso c ia te d  w a te r  s tre s s , e sp e c ia lly  over 
w a te r- lim ite d  reg io n s  (P a ru e lo  e t al. 1995; Schu ltz  
e t al. 1995; D o u g la s  e t al. 1996; N ic h o ls o n  e t al. 
1998). T he M O D IS E T/PE T  a lg o r ith m  uses coarse- 
re so lu tio n  g lo b a l N C E P -D O E  II (K a n a m itsu  et al. 
2002) rean a iy sis  d a ta  as d a ily  m e tro lo g ica l d rivers, 
w h ich , like all ex is ting  reana iy sis da ta se ts , co n ta in s

AMERICAN M ETEOROLOGICAL SOCIETY JANUARY 201 3 BAflS- I 87



u n c e r ta in tie s , e spec ia lly  in  th e  tro p ic s  (Z hao  et al.
2006). Sm all-scale convection  dom ina tes a tm ospheric  
p rocesses in  th e  tro p ics  a n d  th e  convec tion  scale is 
to o  sm a ll for co a rse -re so lu tio n  reanaiy sis system s to 
re n d e r  in  d e ta il (K err 2011). In te g ra tin g  th e  N D V I 
in to  th e  D SI c a lc u la tio n  p a r t ia l ly  m itig a te s  m o d e l 
u n c e r ta in tie s  a ssoc ia ted  w ith  th e  rean a iy s is  in p u ts  
for im p ro v ed  DSI accuracy.

ANCILLARY DATA. A n o th e r o p e ra tio n a l g lobal 
la n d  p ro d u c t availab le  fro m  M O D IS  o n  th e  N A SA  
EOS Terra and  A q u a  sa tellites, th e  M O D IS (M OD17) 
p ro d u c t (R u n n in g  et al. 2004; Z hao  et al. 2005; Z hao  
an d  R u n n in g  2010), p rov ides e stim ates  o f  vege ta tion  
g ro ss  p r im a ry  p ro d u c tio n  (G PP) a n d  n e t p r im a ry  
p ro d u c tio n  (N PP) at co n sis ten t sp a tia l a n d  te m p o 
ra l re so lu tio n s  for g loba l v ege ta ted  la n d  areas. T he 
M O D 17 G P P /N P P  p ro d u c t has b een  w idely  v a lida ted  
an d  applied  to reg ional an d  global scales (T urner et al. 
2005, 2006; H e in sch  et al. 2006; Z hao  an d  R u n n in g  
2010). T he M O D17 G PP/N PP p ro d u c t w as used  in  th is 
s tu d y  as a su rro g a te  m easu re  o f  veg e ta tio n  ac tiv ity  
an d  associa ted  N P P  resp o n se  to  severe d ro u g h ts , for

co m p ariso n  against DSI an d  PDSI global p a tte rn s  and  
tem p o ra l changes.

T he  w ide ly  u sed  g lo b a l a n n u a l g ro w in g -se a so n  
P D S I d a t a  ( P a lm e r  1965 ; Z h a o  a n d  R u n n in g  
2010) w ere  u se d  to  e v a lu a te  th e  p e r f o rm a n c e  o f  
g lo b a l a n n u a l  D SI r e s u lts .  In  th e  P D S I c a lc u la 
tio n  (P a lm er 1965; A lley  1984), PET w as es tim a ted  
usin g  T h o rn th w a ite ’s fo rm u la  (T h o rn th w a ite  1948). 
F o llo w in g  D a i e t al. (2004), i f  so il w a te r  h o ld in g  
c a p a c ity  (awe) d a ta  fro m  W ebb  e t al. (1993) is no  
m o re  th a n  2 .54  cm  (or 1 in .), th e n  awe is ass igned  
to  th e  to p  so il layer, a n d  th e  b o tto m  layer h as  zero 
capacity ; o therw ise , th e  top  layer has 2.54 cm  w ater- 
h o ld in g  capacity , w hile th e  b o tto m  layer h as  (awe -  
2.54 cm) capacity. T he m o n th ly  a ir tem p e ra tu re  from  
N C E P -D O E  11 (K anam itsu  et al. 2002) w as sm o o th ed  
in to  h a lf -d e g re e  sp a t ia l  re s o lu tio n . T he  m o n th ly  
h a lf-d eg ree  p re c ip ita tio n  d a ta  g e n e ra te d  u s in g  th e  
m e th o d  dev e lo p ed  b y  C h en  et al. (2002) b a se d  o n  
gauge m easu rem en ts  at w ea th e r s ta tio n s  w ere u sed  
in s tead  o f  d a ta  fro m  N C E P -D O E  11, since p rec ip ita 
t io n  d a ta  fro m  m e te o ro lo g ic a l re a n a iy s is  d a ta se ts  
genera lly  co n ta in  relatively  large u n ce rta in tie s  (C hen
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F ig. I. A n n u a l  g lo ba l  t e r r e s t r i a l  DSI d a t a  o v e r  t h e  2 0 0 0 - 1 1 M O D IS  r e c o r d .  T h e  DSI r a n g e s  th e o r e t i c a l l y  f ro m  
u n l im i te d  n e g a t iv e  v a lu e s  t o  u n l im i te d  p o s i t iv e  v a lu e s  fo r  d r y  to  w e t  c l i m a t e  d e v ia t io n s ,  re sp e c t iv e ly ,  f r o m  
p re va i l ing  c o n d i t io n s .
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an d  B osiiovich 2007). For a g iven  m o n th , m u ltiy ear 
average m o n th ly  w ater exchanges w ere u sed  to  q u a n 
tify  th e  d e p a rtu re  level o f  p rec ip ita tio n  (supply) fro m  
th e  n o rm a l w ate r d e m a n d  (P a lm er 1965; D ai et al. 
2004; Z hao  an d  R u n n in g  2010).

RESULTS. W e p ro d u c e  th e  g lo b a l D SI re su lts  at 
8 -d ay , m o n th ly , a n d  a n n u a l  in te rv a ls ,  a n d  1 -km  
sp a tia l re so lu tio n  co n sis ten t w ith  th e  M O D IS inpu ts. 
In  th is  study, we aggregated  th e  1 -km -reso lu tion  DSI 
p ro d u c t in to  a coarser h a lf-d eg ree -re so lu tio n  d a tase t 
to  focus on  large-scale  d rough ts .

Annual global DSI. F igure 1 show s th e  a n n u a l g lobal 
D SI over th e  2000 -11  M O D IS reco rd , w h ich  is th e  
p e rio d  u sed  for d e fin in g  averages a n d  s ta n d a rd  d e 
v ia tions in  Eqs. (l)-(5 ). N egative DSI values rep resen t 
d r ie r - th a n -n o rm a l c o n d it io n s  a n d  p o sitiv e  v a lu es 
re p re se n t re la tiv e ly  w et c o n d itio n s . W e b e g in  o u r 
ex am in a tio n  o f  th e  DSI resu lts  in  re la tio n  to  rep o r ted  
d ro u g h ts  w ith in  th e  2000-11  record .

F irs t, we ev a lu a te  D SI p e rfo rm a n c e  in  th e  A sia  
an d  Pacific  reg io n  w here  som e 23 m illio n  h ec ta res  
are  d ro u g h t-p ro n e  an d  rep resen t a f if th  o f th e  to ta l 
r ic e  p ro d u c t io n  a re a  o f  th e  re g io n  (P a n d e y  e t al.
2007), a n d  d ro u g h t rep resen ts  a m ajo r c o n s tra in t on  
food  p ro d u c tio n . T he h ig h  freq u en cy  a n d  in te n s ity  
o f  d ro u g h ts  in  m a n y  p a r ts  o f  A sia are  c a p tu re d  b y  
th e  a n n u a l DSI (Fig. 1). F rom  2000 to  2011, vast a reas 
in  th is  re g io n  ex p e rien ced  d ro u g h t (Fig. 1), w h ich  
a f fe c te d  la rg e  t r a c ts  o f  th e  m a in  r ic e -p ro d u c in g  
a reas o f  A sia (6.7 m illio n  h ec ta res  d u rin g  2 0 0 0 -0 7 ; 
F an  et al. 2003; P an d ey  et al. 2007). In  S ou th  A sia, 
co n secu tiv e  d ro u g h ts  d u r in g  2 0 0 0 -0 3  in  P a k is ta n  
an d  n o rth w e s te rn  In d ia  (Fig. 1) led  to sh a rp  declines 
in  w ater tab les a n d  c rop  fa ilu res  (P an d ey  e t al. 2007; 
Fig. 1). In  2004, a severe d ro u g h t h it  S o u th eas t A sia 
a n d  c au sed  th e  sh r iv e lin g  o f  c ro p s  on  m ill io n s  o f  
h e c ta re s , c o s tin g  m ill io n s  o f  d o lla rs , sh o r ta g e s  o f  
w ater for d r in k in g  a n d  irr ig a tio n , a n d  th e  su ffe ring  
o f  m illio n s  o f  people  (NBS 2005; Fig. 1). In  T h a ilan d , 
th e  2004 d ro u g h t a lone  (Fig. 1) is e s tim a ted  to  have 
affected  2 m illio n  h ec ta res  o f  c ro p p ed  a rea  a n d  over 
8 m illio n  people  (B ank  o f  T h a ilan d  2005; A sia  Times, 
29 A p ril 2005).

T he  D SI c a p tu re d  m a jo r d o c u m e n te d  d ro u g h ts  
w ith in  th e  2000-11  p e rio d  for N o rth  A m erica , w here 
severe d ro u g h t is p u rp o r te d  to  be th e  g rea test re c u r
r in g  n a tu ra l d isas te r for th e  reg ion . T he c o n tin u o u s  
severe  1 9 9 8 -2 0 0 4  d ro u g h t in  th e  w e s te rn  U n ite d  
States re su lted  in  considerab le  w ater supp ly  deficits 
in  rese rv o ir sto rage  (C ook  e t al. 2007; Fig. 1). W h en  
th e  d ro u g h t p eak ed  in  July 2002, m ore  th a n  50% of

th e  c o n tig u o u s  U n ite d  S tates w as u n d e r  m o d e ra te  
to  severe d ro u g h t co n d itio n s , w ith  re c o rd  or n e a r 
re c o rd  p re c ip ita tio n  d e fic its  th ro u g h o u t  th e  W est 
(L aw rim ore an d  S tephens 2003). Large p o rtio n s  o f  the 
C an a d ia n  p ra irie  p ro v in ces also suffered  fro m  severe 
d ro u g h t (C ook  et al. 2007; Fig. 1), as w ell as extensive 
a reas  o f  M exico , p a r t ic u la r ly  in  th e  n o r th e r n  an d  
w estern  p a rts  o f th e  co u n try  in  2002 (L aw rim ore et al. 
2002; Fig. 1). T he DSI re su lts  a re  also co n sis ten t w ith  
th e  severe d ro u g h t in  th e  co n tig u o u s  U n ited  States 
in  2006 (Fig. 1) an d  re p o r te d  by  D ong  et al. (2011).

T he a n n u a l DSI d a ta  c ap tu re  m a jo r d ro u g h ts  an d  
flo o d s  in  A u stra lia  (Fig. 1) d u rin g  th e  s tu d y  pe rio d . 
T he N a tio n a l C lim ate  C en tre  (2007) re p o r te d  a 6 -yr 
w idespread  d ro u g h t in  so u th e rn  an d  eastern  A ustra lia  
fro m  N ovem ber 2001 to  O c to b er 2007 (Fig. 1). The 
2002-2003  A u s tra lia  d ro u g h t (H o rrid g e  et al. 2005; 
Fig. 1) was p u rp o r te d  to  be one o f  the  w orst sh o rt-te rm  
d ro u g h ts  in  A u s tr a l ia ’s r e c o rd e d  m e te o ro lo g ic a l 
h is to ry  (N ich o lls  2004). T he  e x c e p tio n a l d ro u g h t 
in  2005 (W a tk in s  2005) a n d  c o n tin u o u s  d ro u g h ts  
fro m  2007 to  2009 in  A u s tra lia  (N a tio n a l C lim ate  
C en tre  2009) are effectively c ap tu red  b y  th e  an n u a l 
DSI d a ta  (Fig. 1). T he p e rio d  fro m  2010 to  early  2011 
ex p erien ced  one o f  th e  s tro n g est La N in a  even ts in  
h is to ry , w h ich  caused  heav y  ra in  even ts s ta r tin g  in  
n o r th  an d  east A u stra lia  in  sp rin g  2010 an d  ex tend ing  
across m o s t o f  A u stra lia  in to  2011, a n d  re su ltin g  in  
th e  w e tte s t 2 -y r p e r io d  o n  re c o rd  (F ig .l; N a tio n a l 
C lim ate  C en tre  2012).

Several o ther ex trem e d ro u g h ts  are cap tu red  by  the 
an n u a l DSI in  Fig. 1. For exam ple, th e  DSI resu lts cap 
tu re  th e  2003 hea t wave in  E u rope  (C iais et al. 2005; 
Fig. 1), severe d ro u g h ts  in  th e  A m azo n  a n d  A frica  in  
2005 (H o p k in  2005; P h illip s et al. 2009; Fig. 1), th e  
G rea t R u ss ian  H ea t W ave a n d  severe  A m a z o n ia n  
d ro u g h t in  2010 (B arrio p ed ro  et al. 2011; Lew is et al. 
2011; Fig. 1), a n d  a severe d ro u g h t in  th e  H o rn  o f 
A frica  in  2011 (Lyon an d  D ew itt 2012).

Comparisons betw een annual DSI and PDSI. T he  PDSI 
is a w idely  u sed  g lobal d ro u g h t in d ex  (H eim  2002; 
D ai et al. 2004; W ells et al. 2004; D ai 2011a,b). The 
a n n u a l DSI re su lts  w ere th ere fo re  eva lua ted  aga in s t 
a n  a lte rn a tiv e  g loba l g ro w in g -sea so n  PD SI d a ta se t 
(Z hao  a n d  R u n n in g  2010).

T he  c o rre la tio n  b e tw e e n  th e  0.5° a n n u a l g lo b a l 
te r r e s t r ia l  g ro w in g -se a so n  PD SI a n d  a n n u a l DSI, 
w ith  an  area-w eigh ted  average co rre la tio n  coefficient 
o f  0.43, is show n  (Fig. 2). N otably , th e  co rre la tio n  b e 
tw een  a n n u a l DSI a n d  g ro w in g -seaso n  PD SI (Fig. 2) 
is th e  h ig h est w here th e  w eather sta tions are relatively 
dense , su ch  as in  th e  so u th e a s te rn  U n ited  States an d
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F ig .  2. S p a t i a l  c o r r e l a t i o n  co e f f ic ien t  b e tw e e n  12-yr a n n u a l  g lo ba l  DSI a n d  
g ro w in g - s e a s o n  PDSI d a t a  f r o m  2 0 0 0  to  2 0 1 1. T h e  a r e a - w e i g h te d  a v e r a g e  r 

Is 0.43 o v e r  36 ,594  v e g e t a t e d  p ixels (~75.8% of  t h e  g lo ba l  v e g e t a t e d  d o m a in ) .  
T h e  m e a n  c o r r e la t io n  Is 0.17 fo r  t h e  A m a z o n ,  0.41 In w e s t e r n  E u ro p e ,  a n d  
0 .60  In w e s t e r n  Russia .
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F ig .  3. A n n u a l  D S I ,  g r o w in g - s e a s o n  P D S I ,  a n d  M O D IS  (M O D I 7 )  
N P P  d a t a  fo r  s e l e c t e d  s u b r e g io n s .  Inc lud ing  t h e  A m a z o n ,  w e s t e r n  
E u r o p e ,  a n d  w e s t e r n  R u s s i a  r e g i o n s ,  a n d  t h e  2 0 0 0 - 1 1  p e r i o d .  
V e r t i c a l  g r a y  b a r s  d e n o t e  y e a r s  w i th  d o c u m e n t e d  d r o u g h t s  w i th in  
e a c h  re g io n .

p o rtio n s o f  E urasia  (Fig. 2 in  
C h en  et al. 2002; Fig. 2b in  
Z hao  et al. 2006). T he co r
re la tio n  in  w este rn  E urope 
(4 0 ° - 6 6 .5 ° N ,  - 5 ° - 1 5 ° F )  
is 0.41, a n d  0 .60 in  w e s t
e r n  R u ss ia  (4 0 ° -6 6 .5 ° N , 
30°-55°F). Flowever, w here 
r a in  g au g es  a n d  w e a th e r  
s ta tio n s  a re  sp a rse  (Fig. 2 
in  C h en  et al. 2002; Fig. 2b 
in  Z h a o  e t a l. 2 0 0 6 ), th e  
c o r r e la t io n  b e tw e e n  D SI 
a n d  P D S I is low , su c h  as 
m idd le  an d  n o r th e rn  South  
A m erica , n o r th e rn  A frica , 
an d  th e  h ig h -la titu d e  areas 
(F ig . 2). T h e  c o r r e la t io n  
coeffic ien t in  th e  A m azo n  
[the s tu d y  reg io n  in  Few is 
e t al. (2011)] is o n ly  0.17. 
T h is  s p a t i a l  c o r r e la t io n  
m a p  p ro v id es  fu r th e r  ev i
d en ce  o f  u n c e r ta in t ie s  in  

th e  re a n a iy s is  d a ta  a n d  h en ce  th e  
ca lcu la ted  d ro u g h t ind ices, su ch  as 
PD SI. For exam ple, d u r in g  th e  last 
decade tw o m ajo r d ro u g h t even ts— 
one in  2005 a n d  a n o th e r in  2010— 
o c c u r r e d  in  th e  A m a z o n  b a s i n  
(A tk in son  et al. 2011). X u et al. (2011) 
suggested  th a t th e  vegeta tion  b ro w n 
in g  in  2010 w as 4 tim es  g rea te r th a n  
in  2005 as a re s p o n se  to  th e  2010 
d rough t. H owever, in  Fig. 3, th e  PDSI 
in d ic a te s  th a t  2005 w as th e  d r ie s t 
y e a r  (PD SI = -0 .6 4 4 ) ,  w h ile  2010 
(PD SI = -0 .6 2 0 ) an d  2003 (PD SI = 
-0 .6 1 5 ) w ere th e  seco n d  a n d  th i rd  
d riest years o f  record , respectively, in  
th e  A m azo n  over th e  2000-11 period  
(Figs. 3 ,4), w h ich  d iffers fro m  earlier 
re p o r ts  (A tk in so n  et al. 2011; Few is 
e t al. 2011; X u et al. 2011).

W h ile  co m p ariso n s  b e tw een  th e  
DSI a n d  PDSI resu lts  prov ide  in s igh t 
in to  p ro d u c t p e rfo rm an ce , b o th  in 
d ices have lim ita tio n s . T he v a rio u s 
PD SI lim ita tio n s  are described  earli
er in  th is  paper. A  relative advan tage  
o f  the  DSI is th a t th e  m odel in tegrates 
rem o te ly  sensed  FT, PET, a n d  N D V I 
d a ta  to m o n ito r an d  detec t d rough ts.
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P r e c ip i t a t i o n  d a ta  a re  r e la t iv e ly  
u n c e r ta in  o n  a g lobal basis a n d  are 
n o t  u se d  in  th e  D SI c a lc u la t io n .
H ow ever, u n c e r ta in t ie s  in  th e  DSI 
a r is e  f ro m  se v e ra l o th e r  s o u rc e s , 
in c lu d in g  u n c e rta in tie s  fro m  g lobal 
re a n a iy s is  d a ta  in p u ts  (Z h ao  et al.
2006) a n d  sa te llite  re m o te  sen s in g  
in p u ts  in to  th e  M O D IS  E T  a lg o 
rith m , inc lu d in g  M O DIS FPA R/LA l, 
la n d  cover (F ried l et al. 2002), an d  
a lb ed o  (S ch aa f et al. 2002). O th e r  
s o u r c e s  o f  D S I u n c e r t a i n t y  a re  
in tro d u c e d  fro m  th e  M O D IS N D V I 
in p u ts  a n d  th e  v a rio u s  M O D IS ET 
a lg o r ith m  a s s u m p tio n s  (M u et al.
2007 ,2009 ,2011b). M any  o f th e  lower 
co rre la tio n  a reas (Fig. 2), in c lu d in g  
h ig h - la titu d e  a n d  tro p ic a l reg io n s, 
are also a reas w here p e rs is ten t c loud 
cover, a tm o sp h e ric  aeroso ls, o r low  
s o la r  i l l u m in a t io n  s ig n i f i c a n t ly  
c o n s tra in  satellite  o p tic a l- lR  rem ote  
se n s in g  (e.g., F e n sh o lt a n d  P ro u d
2012); th e  re su ltin g  gaps in  th e  satel
lite V I re triev a ls  an d  u n c e r ta in ty  in  
rean a iy s is  m e te o ro lo g y  in p u ts  can  
d eg rad e  th e  re s u ltin g  D SI c a lc u la 
tio n s  for these  areas.

T h ese  u n c e r ta in t ie s  m a y  re s u lt 
in  a fa lse  D SI d r o u g h t  d e te c t io n  
signal. B o th  th e  DSI an d  PD SI show  
s t ro n g  n e g a tiv e  v a lu e s  in  c e n tr a l  
s o u th  C h in a  in  2 0 0 8 , su c h  as th e  
H u n a n  p ro v in ce  (Fig. 5); how ever, 
th e  negative d ro u g h t s ignal is likely  
d u e  to  a c o m b in a tio n  o f  s u m m e r  
d ro u g h t an d  d am ag ed  trees  caused  
b y  a p re c e d in g  severe sn o w  s to rm  
a n d  ic in g  e v e n t in  J a n u a r y  2008  
(Z hou  et al. 2010). V egetation  ac tiv 
ity  in  s o u th e rn  C h in a  is g e n e ra lly  
n o t lim ited  b y  w ater supp ly  (N em an i 
et al. 2003). M ost o f  th e  reg iona l FT 
flu x  com es fro m  p la n t tra n sp ira tio n  a n d  ev ap o ra tio n  
fro m  c a n o p y -in te rcep ted  w ater (figu re  n o t show n). 
T he dam ag ed  vegeta tion  show ed red u ced  F A l, w hich  
low ered  p la n t tra n sp ira tio n  an d  can o p y  ev ap o ra tio n  
in  th e  fo llow ing sum m er. In  th e  G u angdong  prov ince  
o f  so u th e rn  C h in a , th e  DSI show s a s tro n g  negative 
an o m aly  in  2008 (Fig. 5a), b u t th e  PD SI on ly  show s a 
w eak  negative or nea r-ze ro  value (Fig. 5b). T here  w as 
no  re p o r te d  d ro u g h t in  th e  G u an g d o n g  p ro v in ce  in

•iJl-Ci M »
DSI & PDSI

F ig. 4. S p a t ia l  p a t t e r n s  of (a ) , (b ) , ( e ) , ( f )  a n n u a l  DSI a n d  (c ) ,(d ) , (g ) , (h )  
g ro w in g - se a so n  PD SI fo r  s e l e c te d  s u b r e g io n s ,  Including t h e  A m a z o n  
In (a ) , (c )  2005 a n d  (b ) , (d )  2010, (e ) , (g )  w e s t e r n  E u r o p e  In 2003 , an d  
( f ) , (h )  w e s t e r n  R uss ia  In 2010.

2008; th e  s tro n g  negative reg io n a l DSI value for th is  
p e r io d  is lik e ly  a fa lse  d ro u g h t s ig n a l, th o u g h  th e  
cause o f  th e  negative an o m aly  is u n k n o w n .

D rought-induced NPP change. W e u sed  th e  M O D IS 
(M OD 17) g loba l N P P  reco rd  as a re la tive in d ic a to r 
o f  v e g e ta tio n  p ro d u c tiv i ty  ch an g es  fo r c o m p a r in g  
a g a in s t  th e  D SI r e g io n a l  p a t t e r n s  a n d  te m p o ra l  
a n o m a lie s . T h e  N P P  a n d  D SI re s u l ts  a re  la rg e ly

AMERICAN M ETEOROLOGICAL SOCIETY JANUARY 2 0 1 3 BAllS- I 91



Q 2008

b 2008

- 1.5 - 1.0 - 0.5  0.0  0.5
DSI & PDSI

F ig . 5. S p a t i a l  p a t t e r n s  o f  ( a )  a n n u a l  DSI a n d  (b )  
g r o w i n g - s e a s o n  PD SI o v e r  s o u t h e r n  C h i n a  (1 7 .8 ° -  
4 0 .8 °N ,  i0 0 ° - i2 3 ° E )  in 2008 .

in d e p e n d e n t ,  b u t  b o th  u t i l i z e  M O D IS  d y n a m ic  
M O D 15  L A I/F P A R  a n d  re a n a iy s is  d a ily  su r fa c e  
m e teo ro lo g y  in p u ts . T he  DSI an d  N P P  resu lts  shou ld  
be  co rrelated , especially  for w ater su p p ly -co n stra in e d  
re g io n s  (N e m a n i e t al. 2003) th r o u g h  v e g e ta tio n  
m o is tu re  c o n s tra in ts  o n  c an o p y  tr a n s p ira tio n , n e t 
p h o to sy n th es is , a n d  CO^ exchange. Severe d ro u g h ts  
c an  in d u ce  p rogressive le a f s to m a ta i c losure, w hich  
re d u c e s  p la n t w a te r lo ss a n d  p h o to s y n th e s is . T he

PD SI an d  M O D IS DSI, ET, an d  G P P /N P P  d a ta  w ere 
co m p ared  to  evaluate re la tionsh ip s b e tw een  DSI- and  
P D S l-in fe rred  w ater supp ly  red u c tio n s , an d  assoc i
a ted  ecosystem  d ro u g h t re sp o n ses  in d ica ted  by  th e  
sa te llite -d eriv ed  p ro d u c tiv ity  record .

F igure  3 show s th e  a n n u a l DSI, g ro w in g -seaso n  
PD SI, an d  M O D IS N P P  resu lts  for th e  A m azo n  [the 
reg io n  as in  Lew is et al. (2011)], w este rn  E urope (40°- 
66.5°N , -5 °-15°E ), an d  w este rn  R ussia (40°-66 .5°N , 
30°-55°E ) fro m  2000 to  2011. T he DSI cap tu res  fou r 
sev e re  d ro u g h ts  in  th e s e  re g io n s  (F igs. 3, 4) th a t  
g en e ra lly  co inc ide  w ith  th e  o th e r p ro d u c ts  a n d  are 
c o n s is te n t w ith  re p o r te d  ev en ts . In  2003, E u ro p e  
ex p e rie n c e d  a severe h e a t w ave (C ia is et al. 2005) 
th a t  caused  35,000 h u m a n  d ea th s  (Shaoni 2003). T he 
A m a z o n  ra in  fo rest ex p e rien ced  o n ce -in -a -c e n tu ry  
d ro u g h ts  in  2005 a n d  2010 (M aren g o  e t al. 2008; 
P h illip s et al. 2009; A tk in so n  et al. 2011; Lewis et al. 
2011; X u et al. 2011). T he G reat R ussian  H eat W ave 
o f  2010 caused  extensive w ild fires  an d  th o u sa n d s  o f 
h u m a n  d ea th s  (B arrio p ed ro  et al. 2011). In d u ced  by  
th e  severe d rough ts, th e  N PP  record  show s anom alous 
declines in  v ege ta tion  p ro d u c tiv ity  in  all o f  these  d ry  
years , co n sis ten t w ith  th e  DSI resu lts  (Fig. 3).

8-day com posite global DSI. D ro u g h t is a progressive 
la c k  o f  w a te r in  a n  a re a  u su a lly  over a tim e  scale  
o f  a m o n th  o r longer. H ow ever, w eek ly - o r 8 -d a y  
in fo rm a tio n  is still c ritica l for n ea r-rea l-tim e  d ro u g h t 
m o n ito r in g , e sp ec ia lly  fo r a reas  w ith  co n secu tiv e  
m u lti-8 -d a y  d ro u g h t. T he fin e r (8 days) DSI te m p o 
ra l fid e lity  p rov ides p o ten tia lly  g rea te r p rec is ion  for 
d o c u m e n tin g  d ro u g h t onset, d u ra tio n , an d  tra n s ie n t 
w e tt in g /d ry in g  even ts , b u t it  sh o u ld  b e  u sed  w ith  
cau tio n  because  o f  red u ced  signa l-to -n o ise  ra tio  for 
d is tin g u ish in g  d im a to lo g ic a l d ro u g h t fro m  variab le  
w eather. B o th  sm a ll an d  large-scale  d ro u g h t p a tte rn s  
can  be clearly iden tified  in  th e  8 -day  com posite g lobal 
DSI m aps in  2011. For exam ple, early  sp rin g  d ro u g h t 
o c c u r r e d  o v e r la rg e  a re a s  o f  n o r t h e r n  E u ra s ia ,  
follow ed by  early  su m m er d rough t. P ersistent d ro u g h t 
in  Texas an d  su r ro u n d in g  areas o f  th e  U n ited  States, 
an d  th e  H o rn  o f  A frica  are also clearly  dep ic ted  (no t 
show n). T he 2011 d ro u g h t in  th e  H o rn  o f  A frica  w as 
caused  b y  a fa ilu re  o f th e  E ast A fric an  ra in s  (M a rc h -  
M ay) in  sp r in g  2011, c o n s is te n t w ith  a r e c u r r e n t  
la rge-scale  p rec ip ita tio n  p a tte rn  th a t fo llow ed th e ir  
ab ru p t decline  a ro u n d  1999 (Lyon an d  D ew itt 2012).

C lass ifica tion  o f  d ro u g h t seve r ity  index . T h e  D SI
p ro v id e s  a m e a su re  o f  w e tn ess  re la tiv e  to  n o rm a l, 
w h ic h  is p ro p o s e d  in  th is  s tu d y  to  m o n i to r  a n d  
d isp lay  th e  m ag n itu d e  an d  sp a tia l ex ten t o f  d ro u g h t
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T a b le  2. D y n am ic  r a n g e  an d  re la t ive  c a te g o r ie s  fo r  w e t  ( W )  an d  d ry  (D ) cond it ion s  of t h e  global PDSI an d  DSI.

C a te g o r y D e sc r ip t io n PDSI DSI C a te g o r y D e sc r ip t io n PDSI DSI

W S E x trem ely  w e t 4 .0 0  o r  g rea ter I.S o r  g r e a ter D i Incip ient d rou gh t - 0 . 5 0  t o  - 0 .9 9 - 0 . 3  t o  - 0 .5 9

W 4 V ery  w e t 3 .0 0  t o  3 .99 1.2 t o  1.49 D 2 Mild d rou gh t - 1 .0 0  to  -1 .9 9 - 0 . 6  to  - 0 . 8 9

W 3 M o d era te ly  w e t 2 .0 0  t o  2 .99 0.9  t o  1.19 D3 M od erate  drough t - 2 .0 0  to  - 2 .9 9 - 0 . 9  to  -1 .1 9

W 2 Slightly w e t 1.00 to  1.99 0 .6  t o  0 .8 9 D 4 S ev ere  d rou gh t - 3 .0 0  t o  -3 .9 9 - 1 .2  to  -1 .4 9

W ! Incipient w e t  spell 0 .5 0  t o  0 .9 9 0 .3  t o  0 .5 9 D 5 E x trem e d rou gh t - 4 . 0 0  o r  less - 1 .5 o r  less

W D N e a r  norm al 0 .4 9  t o  - 0 .4 9 0 .2 9  to  - 0 .2 9

over th e  g loba l te r re s tr ia l la n d  su rface . For co n sis
tency, we sca led  th e  D SI c lassif ica tio n  levels to  th e  
c o r r e s p o n d in g  PD SI d ro u g h t s e v e r ity  c a te g o rie s , 
w here D l-5  an d  W l- 5  categories denote progressively 
d r ie r  a n d  w e tte r  c o n d itio n s , re sp e c tiv e ly  (P a lm er 
1965; Table 2). W h ile  th e  p r im a ry  objective o f  th is  
s tu d y  is d ro u g h t d e tec tio n , th e  D Si (and  PD Si) can  
also d e tec t ab n o rm a lly  w et periods.

DISCUSSION. T here  have b een  12 y r o f  M O D iS 
ET a n d  N D V i d a ta , e n a b lin g  a c o n tin u o u s  g lo b a l 
D Si reco rd  fro m  2000 to  2011, w ith  th e  p o ten tia l for 
c o n tin u e d  o p e ra tio n s . T he  D Si ap p ea rs  to  c ap tu re  
th e  m a jo r reg io n a l d ro u g h ts  th a t have b een  re p o r te d  
over th e  la s t d ecade  (e.g.. Figs. 1, 3, 4). T he  W orld  
M eteoro log ica l O rg an iza tio n , th e  N a tio n a l O cean ic  
an d  A tm o sp h eric  A d m in is tra tio n , an d  th e  N a tio n a l 
A eronau tics  an d  Space A d m in is tra tio n  a il re p o r te d  
th a t  th e  la s t d ecade  o f  th e  tw en ty - 
first cen tu ry  w as th e  w arm est decade 
s in ce  in s t ru m e n ta l  m e a s u re m e n ts  
o f  te m p e ra tu re s  b eg an  in  th e  1880s 
(Z hao  a n d  R u n n in g  2010; M u et ai.
2011a). U n d e r  a w a rm in g  c lim a te , 
d r o u g h t  s e v e r ity  a n d  p e rs is te n c e  
m ay  in c rea se  (D ai et ai. 2004; D ai 
2011b).

T h e  1 2 -y r re c o r d  u se d  in  th i s  
s tu d y  m a y  b e  to o  s h o r t  to  c h a r 
a c te r iz e  “n o r m a l” c iim a to io g ic a i  
co nd itions req u ired  for accura te  D Si 
d ro u g h t d e tec tio n  an d  m o n ito rin g .
W e co n d u c ted  a sen sitiv ity  s tu d y  to 
ex am in e  how  th e  base p e rio d  len g th  
affects th e  D Si results , by  vary in g  the 
base  p e rio d  len g th  over 6 -y r (2 0 0 0 - 
OS; 6 y r_ s td ) , 7 -y r (2 0 0 0 -0 6 ; 7 y r_  
s td ), 8 -y r (2 0 0 0 -0 7 ; 8 y r_ s td ), 9 -yr 
(2 0 0 0 -0 8 ; 9y r_std ), 10-yr (2000 -09 ;
1 0 y r_ s td ) , 11-yr (2 0 0 0 -1 0 ; l l y r _  
std), an d  12-yr (2000-11; 12yr_std)

p e rio d s . A lso , to  te s t th e  u n c e r ta in t ie s  in  th e  D Si 
p ro d u c t in d u ced  by  th e  in p u t g lobal m eteo ro log ica l 
reanaiy sis d a ta  to  th e  M O D iS  E T/PET a lg o rith m , we 
u sed  a n  a lte rn a tiv e  [G lobal M odeling  a n d  A ssim ila 
tio n  O ffice M o d e rn  E ra  R etro spec tive-A naly sis  for 
R esearch  a n d  A pp lica tions (G M A O  M ERRA)] g lobal 
re a n a iy s is  d a ta s e t w ith  a p p ro x im a te ly  0.5° sp a tia l 
re s o lu tio n  (Yi e t ai. 2011) as m e te o ro lo g ic a l in p u t 
d a ta  to  th e  M O D iS  E T /PE T  a lg o r ith m  to  e s tim a te  
g lobal 1-km  M O D iS  ET/PET, an d  hence  g lobal a n 
n u a l D Si w ith  th e  base  p e rio d  o f  2000-11 . W e th e n  
in teg ra ted  th e  g lobal 1-km  a n n u a l D Si d a ta  fro m  the  
d ifferen t experim en ts in to  a consisten t 0.5° resolution , 
an d  ca lcu la ted  th e  a rea-w eigh ted  sp a tia l co rre la tio n  
c o e ff ic ie n ts  b e tw e e n  th e s e  d if fe re n t e x p e r im e n ts  
an d  th e  12yr_std  D Si b ase line  for each  y ear (Fig. 6). 
T he re su ltin g  co rre la tio n  is s ig n ifican t for each year 
in  each  e x p e rim e n t over th e  36,594 0.5° veg e ta ted
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F ig .  6. A re a -w e ig h te d  a n n u a l  sp a t ia l  c o r r e la t io n  coe ff ic ien ts  b e tw e e n  
I 2 y r _ s td  ( b a s e l i n e )  g lo b a l  DSI d a t a  a n d  a l t e r n a t i v e  g lo b a l  DSI 
c a lc u la t io n s  d e t e r m i n e d  f r o m  d i f fe re n t  se n s i t iv i ty  a n d  u n c e r t a i n t y  
e x p e r i m e n t s  Invo lv ing  p r o g r e s s i v e l y  s h o r t e r  r e c o r d  l e n g t h s  fo r  
d e t e r m i n in g  n o r m a l  DSI c o n d i t io n s  ra n g in g  f r o m  6 -y r  (6 y r_ s td )  to  
I l-yr (I ly r_s td )  p e r io d s ,  an d  a l t e rn a t iv e  DSI ca lcu la t io ns  der iv ed  f ro m  
G M A O  M ER RA  (M E R R A _ G M A O ) re an a iy s is  Inpu ts .
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pixels. T he sp a tia l p a tte rn s  o f g lobal DSI resu lts  from  
th e  d if fe re n t s e n s itiv ity  e x p e r im e n ts  u s in g  d if fe r 
en t base  p e rio d  len g th s  are  v e ry  close (no t show n), 
th o u g h  som e d ifferences occu r over sm a ll areas, and  
th e  degree o f  d ro u g h t fro m  th e  6y r_std  ex p e rim en t 
m ay  be  d iffe ren t fro m  th e  12yr_std  base line . W h e n  
th e re  are at least e igh t years o f  M O D IS E T/PET and  
N D V I d a ta , th e  g lobal DSI p ro d u c t does n o t change 
s ig n ifican tly  over longer base  p e rio d  leng ths.

For th e  u n c e r ta in ty  e x p e rim en t d riv en  by  G M A O  
M E R R A  m eteo ro lo g ica l d a ta , th o u g h  th e re  are  su b 
s ta n tia l d ifferences b e tw een  th e  G M A O  a n d  N C E P - 
D O E  11 (K an am itsu  et al. 2002) reanaiy sis da tase ts, 
th e  a re a -w e ig h te d  sp a t ia l  c o r re la t io n  c o e ff ic ien ts  
be tw een  th e  re su ltin g  DSI ca lcu la tions are s ign ifican t 
over th e  36,594 g lobal vegeta ted  pixels (Fig. 6), an d  
th e  sp a tia l p a tte rn s  o f  th e  12-yr a n n u a l g loba l DSI 
re su lts  a re  v e ry  close to  th o se  d riv en  by  N C E P -D O E  
11 reanaiy sis d a ta  (figures n o t show n). To reduce  th e  
D SI u n c e rta in tie s  caused  b y  using  a sing le  reanaiysis 
d a tase t, we suggest th a t fu tu re  app lica tions on ly  label 
a reg io n  as u n d e rg o in g  d ro u g h t w h en  b o th  th e  DSI 
u sing  M O DIS ET/PET d riven  by  M ER R A  G M A O  and  
N C E P -D O E  11 reanaiy sis d a ta se ts  d e tec t d ro u g h t. In  
th e  fu tu re , n o t o n ly  PD SI b u t also o th e r w idely  u sed  
d ro u g h t  in d ic e s , su c h  as SPI a n d  PN P, a n d  m o re  
h is to rica l d ro u g h t an d  f lo o d in g  cases w ill be  u sed  to 
va lid a te  an d  im prove th e  DSI p ro d u c t.

FUTURE STUDIES A N D  ANTICIPATED  
IMPACTS. T he o p e ra t io n a l p ro d u c tio n  o f  s im i
la r  v e g e ta tio n  in d ic e s  f ro m  th e  V is ib le  In f r a r e d  
Im ag in g  R ad io m ete r Suite (V llR S) on  th e  N a tio n a l 
P o la r-o rb itin g  O p e ra tio n a l E n v iro n m en ta l Satellite 
S ystem  (N P O E S S ) P re p a r a to ry  P ro je c t a n d  Jo in t 
P o la r S ate llite  System  (JPSS) sa te llite s  enab les  th e  
p o te n tia l co n tin u a tio n  o f  g lobal DSI an d  ET reco rds 
in  th e  p o st-E O S  M O D IS era. W e suggest a d d itio n a l 
fo llo w -u p  s tu d ie s  to  c la r ify  th e  D S l’s u t i l i ty  a n d  
lim ita tions, an d  to  im prove u n d e rs tan d in g  o f d ro u g h t 
globally . F irst, th e  D SI sh o u ld  be  eva lua ted  aga in s t 
ex tensive h is to ric  c lim ate  reco rd s to  c la rify  fu r th e r  
p ro d u c t se n s itiv ity  a n d  th e  ran g e  a n d  d iv e rs ity  o f 
ecosystem  resp o n ses  to  d ro u g h t. E v a lu a tio n  o f  th e  
DSI a n d  its  asso c ia ted  in p u t p a ra m e te rs  (ET, PET, 
N D V I) a g a in s t  lo n g - te rm  ET o b s e rv a tio n s  fro m  
th e  flu x  n e tw o rk  (FEU X N ET; B aldocch i 2008) w ill 
a llow  im p ro v ed  u n d e rs ta n d in g  o f  DSI p e rfo rm an ce  
an d  lim ita tio n s . R eg ional co m p ariso n s  o f  a lte rna tive  
d ro u g h t m o n i to r in g  m e th o d s , in c lu d in g  th e  D SI, 
ag a in s t a ran g e  o f  o b serv a tio n s p rov ides a m ean s  for 
b e t te r  u n d e rs ta n d in g  o f  re la tio n sh ip s  a n d  l im i ta 
tio n s  am o n g  th e  v a rio u s  app roaches, w h ich  m ay  lead

to  fu r th e r  im p ro v e m e n ts  in  p ro d u c t a ccu racy  a n d  
u tility . T he g lobal te r re s tr ia l DSI p ro d u c t fro m  th is  
s tu d y  is available o n lin e  for pub lic  use (ftp:/ /f tp .n tsg  

.u m t .e d u /p u b /M O D IS /M ir r o r /D S I )  a n d  p ro v id es a 
p o te n tia l m ean s  for g lobal assessm en t a n d  p o ten tia l 
m o n i to r in g  o f  d ro u g h t  o c c u r re n c e , sev e rity , a n d  
d u ra t io n  a t re la tive ly  fine  (1-km  reso lu tio n ) sp a tia l 
scales. T he D SI a n d  s im ila r g lobal p ro d u c ts  derived  
fro m  o p e ra tio n a l satellite  rem o te  sens ing  sh o u ld  be 
usefu l for reg ional d ro u g h t assessm ent and  m itiga tion  
effo rts , especially  for a reas o f  th e  g lobe w here sparse  
m e a su re m e n t n e tw o rk s a n d  p o o r in f ra s tru c tu re  d e 
v e lo p m en t lim it o th e r in fo rm a tio n  sources.
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