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Dynamics of MODIS evapotransplratlon In South Africa

N e b o  J o v a n o v ic '*  Q ia o z h e n  M u ^  R icha rd  DH B u g a n '  a n d  M a o s h e n g  Zhao^
'CSIR, N atural Resources and Environment, PO Box320,7599 Stellenbosch, South Africa 

^Numerical Terradynamic Simulation Group, College o f  Forestry and Conservation, University o f Montana, 32 Campus Drive, Missoula, M T59812, USA 
^Department o f Geographical Sciences, University o f  Maryland, 2181 SamuelJ. LeFrak Hall, College Park, MD 20742, USA

ABSTRACT

This paper describes the dynam ics o f evapotranspiration  (ET) in  South Africa using MOD16 ET satellite-derived data, 
and analyses the inter-dependency of variables used in the E T  algorithm  of Mu et al. (2011). A nnual evapotranspiration 
is strongly dependent on rainfall and potential evapotranspiration  (PET) in 4 climatically different regions o f South 
Africa. Average E T  in  South Africa (2000-2012) was estim ated to be 303 m m -a ' or 481.4 x 10’ m ’-a' (14% o f PET  and  67% 
of rainfall), m ainly in  the form  of p lant transp ira tion  (T, 53%) and soil evaporation (Soil E, 39%). Evapotranspiration (ET) 
showed a slight tendency to decrease over the period 2000-2012 in  all clim atic regions, except in  the south o f the country  
(winter rainfall areas), a lthough annual variations in  ET  resulted in the 13-year trends no t being statistically significant. 
E vapotranspiration (ET) was spatially dependent on PET, T  and  vapour pressure deficit (VPD), in  particu lar in w inter 
rainfall and arid  to sem i-arid clim atic regions. A ssum ing an  average rainfall o f 450 m m -a ', and considering curren t best 
estim ates o f runoff (9% of rainfall), groundw ater recharge (5%) and water w ithdraw al (2%), MOD16 ET estim ates were 
about 15% short o f the water balance closure in  South Africa. The E T  algorithm  can be refined and tested for applications in 
restricted  areas th a t are spatially heterogeneous and by accounting for soil water supply lim iting conditions.

Keywords: MOD16, po ten tia l ev ap o tran sp ira tio n , soil evaporation , tran sp ira tio n , w ater balance

IN TRO DU C TION

Sustainable m anagem en t o f w ater resources requ ires careful 
p lan n in g , m o n ito rin g  an d  m anagem ent, as w ater is a finite 
resource  in  quality  an d  quantity . E n v ironm en ta l change driven 
by an th ropogen ic  global w arm in g  im poses ad d itio n al con
stra in ts, for exam ple, increase in  ex trem e w eather occurrences 
(d roughts an d  floods), increase  in  tem p era tu re  an d  p o ten tia l 
evaporation , changes in  ra in fa ll am o u n ts  an d  d istribu tion , 
etc. The quantifica tion  o f th e  w ater cycle com ponen ts is a 
fu n d am en ta l req u irem en t in  th e  assessm ent an d  m anagem ent 
o f w ater resources, in  particu la r, u n d e r  th e  im pacts o f h u m an - 
induced  land-use  an d  c lim ate  change.

E v ap o transp ira tion  (ET) is a key process w ith in  th e  
hydrological cycle an d  arguably  th e  m ost difficult com ponent 
to determ ine , especially  in  a rid  an d  sem i-arid  areas w here a 
large p ro p o rtio n  o f low  an d  sporadic p recip ita tion  is re tu rn e d  
to th e  a tm osphere  v ia ET. In these  areas, vegetation is often 
subject to  w ater stress an d  p lan t species adap t in  different ways 
to p ro longed  d ro u g h t co nd itions (Jovanovic an d  Israel, 2012). 
E v ap o transp ira tion  (ET) is e stim ated  to  be >60% o f ra in fa ll on 
a global scale (K orzoun et al., 1978; Lvovich an d  W hite , 1990) 
an d  can  reach  nearly  100% o f ra in fa ll in  a rid  regions (Bugan et 
al., 2012). In  add ition , ET  varies d ep end ing  on th e  he terogene
ity  o f th e  landscape  an d  to p o g rap h y  clim ate, ty p e  o f vegetation 
an d  soil p rop erties  (M u et al., 2007a). This m akes th e  p rocess 
o f E T  very dynam ic over tim e  an d  variable in  space. By u n d e r
stan d in g  how  th is  p a ram ete r varies in  space an d  tim e, we w ill 
im prove o u r u n d e rs tan d in g  o f a critica l com ponen t o f the  
w ater cycle.

* To whom  all correspondence should be addressed.
S  27 21 888 2506; Fax: +27 21 888 2682; 

e-mail: niovanovic(a)csir.co.za
R eceived  13 M a y  2014; accep ted  in  revised  fo r m  10 D ecem b er 2014.

Besides th e  FLUXNET netw ork  (B aldocchi et al., 2001), 
m easu rem en ts o iE T  are scarce an d  localised. However, o u r 
ability  to  use in fo rm atio n  from  satellite sensors to  estim ate  ET  
is developing rap id ly  an d  offers th e  o p p o rtu n ity  to  u n d e rs tan d  
how  ET  varies across space an d  tim e, reduce u n c e rta in ty  levels, 
increase  spatial deta ils an d  scale-up to  large areas. The accuracy 
an d  u n c erta in ty  o f sa tellite-based estim ates o f ET  were evalu
a ted  in  specific stud ies for different a lgo rithm s an d  products , 
e.g., SEBAL (B astiaanssen et al., 1998a an d  b), M E T R IC  (Allen 
e t al., 2007a an d  b), SEBS (Su, 2002), an d  M ODIS ET (M u et 
al., 2007a), as well as for com ponen ts o f  ET  calcu la tion  such as 
M ODIS frac tio n  o f absorbed  ph o to sy n th etica lly  active rad ia 
tio n  (FPAR) an d  lea f area index  (LAI) (M yneni et al., 2002).
This w as generally  done by com parison  betw een rem ote  sens- 
in g -b ased  estim ates o f ET  an d  g ro u n d -b ased  m easurem ents 
o f ET  o r o th er variables. M ueller et al. (2011) an d  Jim enez et 
al. (2011) also com pared  g lobal ET  datasets an d  surface fluxes 
ob ta in ed  w ith  satellite-based p ro d u c ts  an d  lan d  surface m odels 
for large river basins o f th e  w orld.

The C ouncil for Scientific an d  In d u stria l Research (CSIR) 
has recen tly  in itia ted  research  a im ed  at evaluating , va lida ting  
an d  im prov ing  th e  M OD16 ET p ro d u c t, one o f th e  free satellite- 
based  ET  p ro d u c ts  w ith  read ily  available ET  data  for th e  p ast 13 
years. These tim e  series w ere seldom  applied to estim ate  ET  in 
A frica, especially  in  a rid  an d  sem i-arid  regions. The M OD16 ET 
p ro d u c t estim ates global ET  from  g ro u n d -b ased  m eteoro log i
cal observations an d  rem ote-sensing  da ta  from  th e  M oderate 
R esolution Im ag ing  S pec tro rad iom eter (MODIS) located  on 
NASA’s T erra an d  A qua satellites (Justice e t al., 2002). The 
M ODIS sensor w orks on a spatial reso lu tion  o f approxim ately  
1 km , m ak in g  it p o ten tia lly  suitable for applications in  w ater 
resource m anagem ent. The im ages co n ta in  36 spec tra l bands 
in  th e  w avelength  range o f 0.4 to  14.4 pm . The M OD16 ET 
a lgo rithm  was developed by M u et al. (2007a) from  th e  o rig inal 
m odel o f C leugh et al. (2007), an d  la te r im proved  by M u et al.
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(2011). This p ap er p resen ts th e  first evaluation  of 
th e  M OD16 ET done in  South  A frica at co u n try 
w ide scale. The aim s were: (i) to  describe th e  
an n u al an d  spatial tren d s  o f E T  an d  its com ponents 
e stim ated  w ith  th e  m odified  E T  a lgorithm  o f M u 
et al. (2011) for South  A frica, an d  (ii) to  assess th e  
lim itin g  ranges o f a lgo rithm  key variables in rela
tio n  to  E T  a n d  its com ponents.

MATERIAL A ND  M E T H O D S  

MOD16ET algorithm

Brief description o f the M O DIS ET algorithm

The deta iled  a lgorithm  descrip tion  can  be fo u n d  
in  M u et al. (2007a) an d  M u et al. (2011). In th is  
study, on ly  th e  variables used  in  th e  analysis are 
described. The M OD16 ET a lgorithm  is based  
on th e  physically  so u n d  th eo ry  o f th e  Penm an- 
M onteith  energy  balance (M onteith , 1965; A llen et 
a l ,  1998):

A + Y X (l+ r s /ra )
where:

E T  is in  m m
X is th e  la ten t h eat o f  vaporisa tion  o f w ater 
( !•% ')
A is th e  g rad ien t o f  th e  sa tu ratio n  v apour 
p ressu re -tem p era tu re  fu n c tio n  (P a ° C ') 

is th e  ne t rad ia tio n  (J-m -̂s ')
G is th e  soil h eat flux (J-m ^-s') 

is th e  a ir  density  (kg-m^) 
is th e  specific h eat o f th e  a ir (J-kg^'-K i) 

is th e  sa tu ra ted  v ap o u r p ressu re  o f th e  a ir 
(Pa), a fu n c tio n  o f a ir  tem p era tu re  m easu red  at 
h e igh t z

is th e  m ean  actual v ap o u r p ressu re  o f  th e  air 
m easu red  at h e igh t z  (Pa)
( e - e )  is v ap o u r p ressure  deficit {VPD; Pa) 

is th e  aerodynam ic  resistance to  w ater 
vap o u r diffusion in to  th e  a tm ospheric  b o u n d 
ary  layer (s-m ')
Y is th e  psychrom etric  co n stan t (0.066 kPa-K ') 
r  is th e  surface resistance to  w ater v apour 
tran sfe r (s-m ')

The M OD16 ET a lgorithm  (M u e t al., 2011) cal
culates E T  using  g lobal daily  tem p era tu re , actual 
v ap o u r p ressu re  an d  in co m in g  solar rad ia tion , and  
rem otely-sensed EAR FPAR, albedo, an d  lan d  cover 
type. The available energy  at th e  lan d  surface {R^ is 
p a rtitio n e d  in to  vegetation  surface an d  soil surface 
u sing  FPAR (M ODIS 15A p ro d u c t, assum ed  to be 
equal to  canopy  cover F^. The te rm  r  from  Eq.
(1) is defined as an  effective surface resistance to 
evaporation  from  th e  soil surface an d  tran sp ira tio n  
from  th e  p lan t canopy. C anopy  r  decreases as VPD  
decreases, an d  it is also lim ited  by low  tem p era tu re  
(M u e t a l ,  2007a; M u e t a l ,  2011).

Evaporation  from  th e  w et canopy  occurs after 
c erta in  co nd itions (e.g. after ra in fa ll, w hen air 
relative h u m id ity  >70%) an d  can  be a substan tia l 
com ponen t w hen lea f  area is large. In  o rder to

calculate day tim e an d  n igh t-tim e FT, daily  average a ir  tem p era tu re  (Tavg) 
is assum ed to  be th e  average o f day tim e a ir tem p era tu re  (Tday) an d  n ig h t
tim e  tem p era tu re  (M u et al., 2011). D ay-tim e an d  n ig h t-tim e  E T  are th en  
added  up to  get daily  E T  values.

A soil evaporation  {Soil E) co m ponen t is also calcu la ted  in  th e  MOD16 
ET a lgorithm  (M u e t al., 2011), w hich  m ay be im p o rta n t in  areas w ith  a 
sparse canopy. The p o ten tia l evaporation  from  th e  soil is first calcu la ted  
w ith  an  equation  th a t fu lly  resem bles th e  P en m an-M onte ith  energy  b a l
ance equation  (Eq. (1)). A ctual Soil E  is th en  calcu la ted  as a fu n c tio n  of 
a ir relative h u m id ity  {RET). The a lgorithm  also considers th e  w et surface 
frac tion  (E ,) calcu la ted  as a fu n c tio n  o f RH . The w et surface frac tion  (E ,)

'  w e t ' '  w e t '

represen ts th e  frac tion  o f canopy  o r soil covered by water. In th e  case o f 
th e  canopy, Ê ^̂  is u sed  to separate evaporation  o f w ater in te rcep ted  by th e  
canopy  an d  tran sp ira tio n  (T). In  th e  case o f th e  soil, Ê ^̂  is u sed  to  separate 
evaporation  from  sa tu ra ted  an d  m oist soil surface. The laten t h eat fluxes 
from  vegetation canopy  an d  soil (p a rtitio n ed  th ro u g h  P  ̂a n d  F^J are 
finally  su m m ed  up  to  calculate E T  for th e  p a r ticu la r  vegetation.

M OD16 ET is th e  sum  o f 3 com ponents:

ET — Tr + Ec + Ei (2)

where:
T , E ,̂ an d E . are canopy  tran sp ira tio n  (T), soil evapora tion  {Soil E), and  
in te rcep tion  evapora tion  {Canopy E), respectively.

ATr =

XEi =

({ARnFc + pCpVPD  F c / E i c ) ( 1  ~  F w e t )  

s  -h y  X (1 -h r .J V a c )

{^ R nE c  +  p C p V P D  F c / r a w c ) F w e t

(3)

A -h (1 -h ) ̂ ' *awc'

(4)

The te rm  E  ̂consists o f Soil E  from  d ry  soil surface an d  w et soil surface:

^ w e t _ s o i l  4" ^ S o i L p o t  fsm

(A(i?„(l -  FJ -  G) + pCp(1.0 -  Fc) VPD/rgs)Fwet

(5)

(6)

AE.S O ILpot '

(i(B „(l -  FJ -  C) +()C,(1,0 -  Fc) I'f P /r „ )(l -  Fwet) (y, 

» +

where:
Ej, is th e  frac tiona l vegetation  cover 
E , is relative surface w etness (EEP)

w e t  '  '

r   ̂a re th e  aerodynam ic  an d  canopy  resistances o f th e  d ry  canopy  
is m odified  RET™  to th e  one in  Fisher et al. (2008) 

r  an d  r  are th e  aerodynam ic  an d  w et canopy  resistances o f th e  wet
a w e  sw c  '  -T /

canopy
ET^^j soi7 are th e  w et an d  p o ten tia l Soil E
r a n d r  are th e  soil aerodynam ic  conductance  an d  soil to ta l

a s  ss  '

resistances

The po ten tia l p lan t tran sp ira tio n  {T^J is calcu la ted  follow ing th e  Priestley- 
Taylor (Priestley  an d  Taylor, 1972) equation:

a A P n F c i l  -  Fw et )  ^

1.26
s  -h y

The to ta l daily  po ten tia l E T  (PET) is calcu lated  w ith  Eq. (9):

PET — AEi + ATpQi + AEŷ ^ + XE<SO ILpot

(8)

(9)

80
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Figure 1
a) Climatic regions o f South 

Africa delineated based on Water 
M anagement Areas (South African 
Departm ent o f  Water Affairs and  

Forestry; DWAF, 2004); b) mean annual 
ra in fa ll fo r the period 1960-2014 

(Lynch and Schulze, 2006); c) average 
a ir temperature (Tavg, MODIS) fo r a 

typical year (2009)

GMAO MERRA meteorological input data

NA SA/GM AO M odern  E ra R etrospective A nalysis (MERRA) 
at spatial reso lu tion  o f 0.5°x 0.66° p ro v id ed  every h o u r  was used  
as m eteorological in p u t to th e  M OD16 ET algorithm . M u et al. 
(2011) p rocessed  th e  ho u rly  da ta  to daily  level. The techn ique  
p ro p o sed  by Z hao e t al. (2005) was u sed  to  in te rpo la te  data 
from  coarse  spatial reso lu tion  to  1 km , to  fit M ODIS pixels, 
to rem ove ab ru p t changes from  one side o f a GM AO pixel to 
another, an d  to im prove th e  accuracy  o f these  pixels.

M ethodology  and study area

South  A frica  covers a w ide range o f c lim atic  an d  hydrological 
conditions. The South  A frican  D ep artm en t o f W ater A ffairs 
classified th e  co u n try ’s w ater resources in to  19 w ater m anage
m en t areas (W M As) in  2004 (DWAF, 2004, since reg rouped  
in to  9 W M As). The W M A  borders w ere used  to delineate 4 
clim atic  regions (Fig. la). The w estern  an d  cen tra l W M A s fall 
in  a rid  an d  sem i-arid  regions. The so u th e rn  W M A s are in  an 
area w ith  a M ed ite rran ean  (w inter ra in fall) clim ate. The east
ern  coasta l area has a tro p ica l w et clim ate, w hilst th e  n o rth e rn  
regions are in  th e  sub-trop ica l (sum m er ra in fall) belt. Such 
clim atic  diversity  is ideal for th e  analysis o f a w ide range o f ET  
values. The d ivision in to  4 c lim atic  regions is co rro b o ra ted  by 
th e  ch aracteris tic  g rad ien t in  an n u al ra in fa ll from  w est (arid  
an d  sem i-a rid  clim ate) to  east (trop ical w et clim ate) (Fig. lb; 
Lynch an d  Schulze, 2006). It is ev iden t th a t average a ir tem 
p era tu res  are typ ically  m odera te  in  th e  sou th  an d  east o f the  
country , an d  h igh  in  th e  n o rth -w est (Fig. Ic).

T hirteen  years (2000-2012) o f a n n u a l M OD16 ET and  
GM AO M ER R A  m eteorological data  w ere co llected  an d  p ro 
cessed for th e  w hole country , as well as for in d iv idua l clim atic

regions as classified in  Fig. la , on a 0.912 k m  x 0.912 k m  pixel 
basis. For each yearly data  set, th e  follow ing variables w ere 
extracted:

E v ap o transp ira tion  (ET)
Poten tia l evap o tran sp ira tio n  (PET)
E vaporation  from  wet canopy  surface {Canopy E)
Soil evaporation  (Soil E)
D ry  soil evaporation  (Dry soil E)
W et soil evaporation  (Wet soil E)
T ran sp ira tio n  (T)
Average a ir  tem p era tu re  (Tavg)
D aytim e average a ir  tem p era tu re  (Tday)
D aytim e average v ap o u r p ressu re  deficit (VPD)

The variables were selected based  on th e  im provem ents in tro 
duced  by M u et al. (2011) to th e  o rig ina l a lgorithm . Yearly and  
spatial changes in ET  w ere analysed  an d  co rre la ted  to th e  yearly 
values for each variable in  o rder to assess th e  sensitiv ity  and  
dependence o f F T  to  th e  selected variables. The da ta  w ere an a 
lysed for th e  w hole c o u n try  as well as p e r  c lim atic  region.

Statistical analysis

The tem p o ra l (annual) changes in ET  an d  associated  variables 
w ere assessed using  lin e a r regression  fu n c tio n s an d  tested  
for sta tistical significance. For th e  assessm ent o f  dependence 
betw een ET  an d  associated  variables over tim e, th e  Spearm an 
ra n k  corre lation  coefficient (r^) was u sed  because it is suitable 
for sm all data  series th a t  m ay  n o t necessarily  have a no rm al 
d istribu tion . The InfoStat softw are (D i R ienzo et al., 2012) was 
used  for th e  calcu la tion  o f an d  sta tistica l significance.

For th e  spatial analysis it w as no t possible to generate a 
da tase t by averaging th e  a n n u a l data  for 13 years because th e
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TABLE 1
Potential evapotransp iration (PET), actual evapotranspiration  (ET), canopy and soli evaporation  

(Canopy Eand Soil E) and  transpiration (T) estim a ted  w ith MODIS products for South Africa. 
Slop es of th e  linear regression  are show n (p>0.05 in ail cases). Total area is 1 228 297 km^.

Year PET
(mnti’a ')

ET (b liilon
m = a ')

ET
(mnti’a ')

C an opyE  
(mnti’a ')

SoiiE
(mnti’a ')

T (mnti’a ') ET/
PET

C anopy
EIET

SoiiE/ET T/ET

2000 2 173 428.1 349 41 139 169 0.16 0.12 0.40 0.48
2001 2 174 411.9 335 30 138 167 0.15 0.09 0.41 0.50
2002 2 292 340.3 277 18 103 156 0.12 0.07 0.37 0.56
2003 2 321 299.2 244 14 93 137 0.10 0.06 0.38 0.56
2004 2 285 342.2 279 21 95 163 0.12 0.07 0.34 0.58
2005 2 266 340.4 277 24 107 146 0.12 0.09 0.39 0.53
2006 2 156 434.3 354 42 142 169 0.16 0.12 0.40 0.48
2007 2 268 347.1 283 22 110 151 0.12 0.08 0.39 0.53
2008 2 211 377A 307 27 129 151 0.14 0.09 0.42 0.49
2009 2 236 377.6 307 30 122 156 0.14 0.10 0.40 0.51
2010 2 262 369.8 301 27 116 159 0.13 0.09 0.38 0.53
2011 2 209 393.5 320 26 119 175 0.15 0.08 0.37 0.55
2012 2 250 368.8 300 24 115 162 0.13 0.08 0.38 0.54
Average 2 239 371.6 303 27 117 158 0.14 0.087 0.387 0.526
Slope 0.649 -0 .0 9 7 -0 .079 -0.153 -0 .203 0.277 - lE -0 4 -2 E -0 4 -3E -04 5E-04

n u m b er o f  m issing  data  (out o f range) v a ried  betw een years, 
an d  th is  m ay  have in tro d u ced  inconsistencies an d  bias. The spa
tia l analysis was th en  p e rfo rm ed  for a year w hen a n n u a l E T  and  
associated  com ponen ts exh ib ited  th e  least dev iation  from  th e  
13-year average. This ty p ica l year was 2009 an d  it w as assum ed 
th a t it w ould  give a realistic  an d  represen tative  descrip tion  
o f spatial differences. Average, m ed ian , s tan d ard  deviation, 
coefficient o f  varia tion , skew ness an d  k u rto sis  o f  all relevant 
variables w ere d e te rm in ed  using  all data  pixels. The spatial 
dependence betw een variables w as assessed for all years using  
th e  coefficient o f d e te rm in a tio n  (R )̂ o f regression  fu n c tio n s and  
Pearson co rre lation  coefficient (r). In  th is  in stance, r  was used  
in stead  o f to  reduce com puta tion  tim e  because o f th e  very 
large da tase t («>100 000) an d  to  b e tte r accoun t for outliers (the 
effects o f ou tliers m ay be m asked  by th e  ra n k in g  in  r^). Both th e  
coefficient o f  d e te rm in a tio n  (R )̂ an d  th e  corre lation  coefficients 
were rep o rte d  to  be suitable to  ind ica te  w h e th er tw o datasets 
have s im ila r tem p o ra l o r spatial p a tte rn s  (Ji an d  Gallo, 2006).

RESULTS A ND  D ISC USSIO N

Temporal ch an ges o f  MOD16 ET and ET com p onents

T h irteen  years o f a n n u a l PET, E T  a n d  its co m p o n en ts  were 
e s tim a ted  w ith  M O D IS p ro d u c ts  an d  are show n in  Table 1. 
ft w as e s tim a te d  th a t  th e  average E T  in  Sou th  A frica  is 
303 m m - a r a n g i n g  from  244 m m -a ' in  2003 to  354 m m -a ' 
in  2006. O n ly  14% o f  th e  p o ten tia l a tm o sp h eric  d em an d  for 
w ater evapora tes (ET/PET). The larg est co m p o n en t o f  E T  was 
tra n sp ira tio n  o f p lan ts  (53% on average), follow ed by Soil E 
(39% on average). D irec t ev ap o ra tio n  from  th e  vegetation  
can o p y  w as a m in o r  co m p o n en t o f E T  (9% on average).

A n n u a l values ind ica ted  th a t E T  was ra th e r stable in  th e  
p e rio d  2000-2012 (Fig. 2), dep en d in g  on ra in fa ll am o u n ts 
an d  d istribu tion . E v ap o transp ira tion  (ET), C anopy E  an d  Soil 
E  show ed a slight ten d en cy  to  decrease based  on th e  negative 
slope o f th e  lin e a r regression  (Table 1), w hilst P ET  an d  T  were 
slightly  increasing  (positive slope in  Table 1). However, an n u al 
variab ility  was m uch  larg e r th a n  th e  observed changes and
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Figure 2
Thirteen-year trends in annual evapotranspiration (ET), canopy 

evaporation (canopy E), soil evaporation (soil E) and transpiration 
(T) estimated with M ODIS for South Africa

these  tren d s  were n o t sta tistica lly  significant (p>0.05). Tables 
2 to  5 show  13 years o f  a n n u a l PET, E T  an d  its com ponents 
for each c lim atic  region. E v ap o transp ira tion  (ET) displayed 
a slight ten d en cy  to  decrease in  all c lim atic  regions, except 
in  w in te r ra in fa ll areas w here th e  Canopy E  an d  Soil E  w ere 
increasing. However, none  o f th e  tren d s  w as sta tistica lly  signifi
can t (p>0.05). N ation-w ide average values (Table 1) are b iased 
tow ards th e  values estim a ted  in  th e  a rid  an d  sem i-arid  clim ate, 
w hich  represen ts th e  largest c lim atic  region in  ex ten t (Fig. la).

The re la tions betw een variables w ere d e te rm in ed  using  
an d  th e  resu lts are su m m arised  in  Table 6. The values below  the 
m ain  d iagonal in  Table 6 rep resen t r .̂ A positive n u m b er re p 
resen ts positive corre lation  an d  vice versa. G ood  corre lations 
ten d  to  +1 (positive correlation) an d  -1  (negative correlation). 
The values above th e  m ain  d iagonal rep resen t th e  p robab ility  
associated  w ith  th e  n u ll hypothesis. Values <0.05 represen t 
sta tistica lly  significant re la tions at p robab ility  o f 95% or m ore, 
an d  these  are h ig h lig h ted  in  bo ld  in  Table 6. ft is evident th a t 
th ere  is generally  a negative co rrelation  betw een P ET  a n d  all
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TABLE 2
Potential evapotransp iration (PET), actual evapotranspiration  (ET), canopy and soil evaporation  (Canopy E 

and SotVE) and transpiration (T) estim a ted  w ith MODIS products for th e  sum m er rainfall area o f South Africa. 
Slop es o f th e  linear regression  are show n (p>0.05 in ail cases). Total area is 299 693 km^.

Year PET
(m m -a ')

ET (b illion  
m =-a')

ET
(m m -a ')

C anopyE  
(m m -a ')

SoilE
(m m -a ')

T
(m m -a ')

ET/
PET

C anopy
E/ET

Soil E/ET T/ET

2000 2157 105.9 460 46 161 254 0.21 0.1 0.35 0.55
2001 2200 93.1 405 27 139 239 0.18 0.07 0.34 0.59
2002 2370 66.7 290 8 83 198 0.12 0.03 0.29 0.68
2003 2396 59.5 259 6 72 181 0.11 0.02 0.28 0.7
2004 2263 80.6 350 17 93 241 0.15 0.05 0.26 0.69
2005 2312 72.5 315 15 97 203 0.14 0.05 0.31 0.64
2006 2147 103.1 448 53 162 233 0.21 0.12 0.36 0.52
2007 2329 73.5 320 12 95 213 0.14 0.04 0.3 0.67
2008 2244 86.7 377 28 135 213 0.17 0.08 0.36 0.57
2009 2231 94.1 409 40 141 229 0.18 0.1 0.34 0.56
2010 2260 89.5 389 26 117 246 0.17 0.07 0.3 0.63
2011 2303 84.6 368 20 105 243 0.16 0.05 0.29 0.66
2012 2329 76.3 332 13 95 224 0.14 0.04 0.29 0.68
Average 2272 83.5 363 24 115 224 0.16 0.06 0.31 0.63
Slope 3.278 -0 .0 6 8 -0 .2 9 6 -0 .2 5 6 -0 .746 0.705 -5 E -0 4 -5E -05 - lE -0 3 -2 F -0 3

TABLES
Potential evapotransp iration (PET), actual evapotranspiration  (ET), canopy and soil evaporation  (Canopy E 
and SoilE) and transpiration (T) estim a ted  w ith MODIS products for th e  tropical w et area o f South Africa. 

Slop es o f th e  linear regression  are show n (p>0.05 in ail cases). Total area is 132 913 km^.
Year PET

(m m -a ')
ET (b illion  

m =.a ')
ET

(m m -a ')
C an opyE  
(m m -a ')

SoilE
(m m -a ')

T
(m m -a ')

ET/
PET

C anopy
EIET

Soil E/ET T/ET

2000 1 834 108.4 816 192 249 375 0.44 0.24 0.31 0.46
2001 1 869 101.5 764 148 220 395 0.41 0.19 0.29 0.52
2002 1 935 90.6 682 98 180 404 0.35 0.14 0.26 0.59
2003 1 970 80.9 609 77 181 351 0.31 0.13 0.3 0.58
2004 1 906 92.5 696 107 179 410 0.37 0.15 0.26 0.59
2005 1 905 92.2 694 130 212 352 0.36 0.19 0.31 0.51
2006 1 823 104.5 787 178 234 375 0.43 0.23 0.3 0.48
2007 1 935 92.2 694 108 200 385 0.36 0.16 0.29 0.56
2008 1 853 91.9 691 126 234 331 0.37 0.18 0.34 0.48
2009 1 880 96.2 724 140 211 373 0.39 0.19 0.29 0.52
2010 1 922 94.8 713 136 216 362 0.37 0.19 0.3 0.51
2011 1 857 94.2 709 119 201 389 0.38 0.17 0.28 0.55
2012 1 910 94.8 713 118 199 396 0.37 0.17 0.28 0.56
Average 1 892 95.0 715 129 209 377 0.38 0.18 0.29 0.53
Slope 0.002 -0 .313 -2 .356 -1.292 -0 .3 6 8 -0 .6 9 6 - lF -0 .3 -6 F -0 4 2F-04 4F-04

variables except T/ET. The re m a in in g  variables w ere generally  
positively correlated. A nalysis by clim atic  region in d ica ted  th a t 
th e  corre lations o f ra tios (C anopy E/ET, Soil E /T  an d  T/ET) 
to o th er variables w ere generally  n o t significant in  th e  w in ter 
ra in fa ll an d  especially  a rid  an d  sem i-a rid  clim ates.

In absolute term s, M OD16 ET estim ated  an average w ater 
loss to  th e  atm osphere  o f 371.6 x  10® m m -a ' for th e  c o u n try  
(Table 1). A ssum ing  an average ra in fa ll o f  450 m m - a c o r r e 
spo n d in g  to 553 X 10® m m - a i t  w as calcu la ted  th a t 67% of 
ra in fa ll w ater evaporates. It w as estim a ted  th a t ru n o ff  is about 
50 X 10® m m -a ' o r 9% o f ra in fa ll (DWAF, 2004) an d  th a t 
g ro u n d w ater recharge is about 30 x  10® m m -a ' o r 5% o f ra in fa ll 
(Vegter, 1995; DWAF, 2005). F renken (2005) estim ated  w ater 
w ithd raw al in  South  A frica to be 12.5 x  10® m m -a ' in  2000. 
C onsidering  m issing  da ta  (about 3% o f th e  to ta l n u m b er o f

pixels), M OD16 ET estim ates were about 15% sho rt o f th e  w ater 
balance c losure for South  A frica, possibly due to  inaccuracies 
in  th e  a lgo rithm  an d  in p u t data  (e.g. lan d  cover).

Spatial changes o f MOD16 ET and ET com ponents

Figure 3 (a to g) displays env iro n m en ta l variables o b ta ined  
from  MODIS for a typ ica l y ear (2009) w hen  an n u al E T  and  
associated  com ponen ts exh ib ited  th e  least deviations from  
th e  13-year average (Table 1). C lim atic  cond itions drive PF T  
ex h ib itin g  a g rad ien t from  th e  sou theast to th e  n o rthw est 
(Fig. 3a). The g rad ien t is inverse for E T  (Fig. 3b), w hich is driven 
by a tm ospheric  evaporative dem and , bu t depends on ra in fa ll 
(Fig. lb) an d  vegetation cover (Fig. 3c). H igh ra in fa ll areas 
(Fig. lb) are generally  associated  w ith  a m ore h u m id
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TABLE 4
Potential evapotransp iration  {PET), actual evapotransp iration  {ET), canopy and soli evaporation  

{Canopy Eand Soil E) and  transpiration (T) estim a ted  w ith MODIS p rod u ctsfor  th e  w inter rainfall area 
o f South Africa. S lop es o f th e  linear regression  are show n (p>0.05 in ail cases). Total area is 249 637 km^.

Year PET
(m m -a ')

ET (b liilon  
m =.a ')

ET
(m m -a ')

C anopyE  
(mnti’a ')

SoilE
(m m -a ')

T
(m m -a ')

ET/
PET

C anopy
EIET

SoiiE/ET T/ET

2000 1 886 103.4 414 43 191 180 0.22 0.1 0.46 0.43
2001 1 899 102.7 411 36 189 186 0.22 0.09 0.46 0.45
2002 1 965 94.2 377 27 162 189 0.19 0.07 0.43 0.5
2003 1 963 87.5 351 21 156 173 0.18 0.06 0.45 0.49
2004 2 001 90.1 361 25 156 180 0.18 0.07 0.43 0.5
2005 1 940 95.0 380 33 170 111 0.20 0.09 0.45 0.46
2006 1 856 109.0 436 49 203 184 0.24 0.11 0.47 0.42
2007 1 933 97.2 389 34 181 175 0.20 0.09 0.46 0.45
2008 1 898 99.2 397 34 187 176 0.21 0.09 0.47 0.44
2009 1 957 89.6 359 27 172 160 0.18 0.07 0.48 0.45
2010 1 960 91.6 367 29 185 154 0.19 0.08 0.5 0.42
2011 1 836 106.5 426 40 194 193 0.23 0.09 0.45 0.45
2012 1 869 106.6 427 40 193 194 0.23 0.09 0.45 0.46
Average 1 920 97.9 392 34 180 179 0.20 0.08 0.46 0.46
Slope -3.719 0.297 1.188 0.235 1.323 -0 .3 6 9 lE-03 3E-04 2E-03 -2E -03

TABLE 5
Potential evapotransp iration  {PET), actual evapotransp iration  {ET), canopy and soli evaporation  

{Canopy E and Soil E) and transpiration (T) estim a ted  w ith MODIS products for th e  arid and sem i-arid area 
o f South Africa. S lop es o f th e  linear regression  are show n (p>0.05 in ail cases). Total area is 546  0 5 4  km^.

Year PET
(m m -a ')

ET (b liilon  
m =.a ')

ET
(m m -a ')

C anopyE  
(mnti’a ')

SoiiE
(m m -a ')

T (m m -a ') ET/
PET

C anopy
EIET

SoiiE/ET T/ET

2000 2 400 80.3 147 1 77 70 0.06 0.01 0.52 0.47
2001 2 365 87.6 160 1 93 66 0.07 0 0.58 0.41
2002 2 494 68.4 125 0 67 58 0.05 0 0.53 0.47
2003 2 537 53.0 97 0 52 45 0.04 0 0.54 0.46
2004 2 524 55.7 102 0 47 55 0.04 0 0.47 0.54
2005 2 485 59.2 108 0 56 52 0.04 0 0.52 0.48
2006 2 384 87.9 161 2 80 79 0.07 0.01 0.5 0.49
2007 2 477 62.2 114 0 62 52 0.05 0 0.54 0.46
2008 2 430 74.2 136 0 72 64 0.06 0 0.53 0.47
2009 2 458 71.0 130 0 66 63 0.05 0 0.51 0.49
2010 2 490 68.3 125 0 58 67 0.05 0 0.46 0.54
2011 2 424 83.0 152 1 70 81 0.06 0 0.46 0.53
2012 2 473 68.0 125 0 67 57 0.05 0 0.54 0.46
Average 2 457 70.7 129 0 67 62 0.05 0.00 0.52 0.48
Slope 1.528 -0.018 -0 .032 -0 .014 -0 .614 0.596 -8 E -0 5 -3 E -0 4 -4 E -0 3 4E-03

en v ironm en t, low er PE T  an d  denser vegetation  cover com pared  
to  d ry  areas. As a result, E T  is h ig h er in  th e  tro p ica l w et eastern  
region com p ared  to th e  a rid  an d  sem i-arid  n o rth w est region 
(Fig. 3b). Both com ponents o f ET, nam ely  T  (Fig. 3d) an d  Soil 
E  (Fig. 3e), exh ib it th e  sam e g rad ien ts , i.e., th ey  are h ig h  in  th e  
h igh  ra in fa ll area o f  th e  east coast an d  low  in  th e  a rid  n o rthw est 
o f th e  country .

The M ODIS lan d  cover m ap (Fig. 3c) classifies th e  largest 
p o rtio n  o f in la n d  South A frica  (central an d  w estern  regions) as 
open sh ru b lan d  an d  g rassland , w ith  savanna o ccu rrin g  in  th e  
n o rth eas t p a r t  o f th e  country . L and cover is classified as c ro p 
lan d  m ostly  along th e  w est an d  east coast an d  in  th e  n o r th 
east. The m ain  u rb a n  areas are clearly visible in  th e  n o rth eas t 
(Johannesburg), southw est (Cape Town) an d  on th e  east coast 
(D urban). Values o f M ODIS variables w ere ou t o f range for

pixels co inc id ing  w ith  u rb a n  areas an d  these  w ere d iscarded  
from  th e  analysis. A n o th er area w ith  frequen t m issing  da ta  (out 
o f  range) is visible in  th e  no rth w est in la n d  an d  classified as b a r
ren  or sparsely vegetated. The ra tio  T/E T  tends to be h igh  in  th e  
n o rth e rn , sum m er ra in fa ll p a r ts  o f  th e  c o u n try  w here g rass
lands com m only  occur, an d  low  in  th e  d ry  southw est w here 
sparse vegetation occurs (Fig. 3f). The opposite tre n d  is visible 
for th e  Soil E /E T  ra tio  (Fig. 3g). In th e  cen tra l an d  n o rth w est
ern  p a r ts  o f th e  country , lines follow ing m ajo r river system s 
(O range an d  Vaal) are clearly  visible p ro v id in g  exceptional 
values o f h ig h  T/E T  an d  low  Soil E /E T  (Figs 3f an d  g).

Table 7 shows th e  sta tistica l analysis o f  M ODIS spatia l data 
for a ty p ica l year (2009). For E T  an d  re la ted  variables {Soil E 
an d  T), th e  large s tan d ard  deviations an d  coefficients o f va ria 
tio n  in d ica ted  th e  w ide ranges o f values observed. The m ed ian
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Figure 3
a) Annual po tentia l evapotranspiration (PET); b) annual 

evapotranspiration (ET); c) land  cover; d) annual transpiration 
(T); e) annual soil evaporation (Soil E); f) T/ET ratio; and g) Soil 

E/ET ra tio  obtained w ith MODIS for a typical year (2009).
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TABLE 6
Spearm an correlation coefficien ts o f annuai potentia i evapotransp iration  {PET), actuai 

evapotranspiration  {ET), canopy and soii evaporation  (£) and transpiration (T) estim ated  
w ith MODiS products for th e  period 2 0 0 0 -2 0 1 2  for South Africa

V ariable PET ET C anopy  E Soil E T ET/PET C anopy
E/ET

Soil E/ET T/ET

PET 1 7.5E-04 l.lE -0 3 8.1E-04 0 .0 2 5.7E-04 1.9E-03 0 .0 2 4.8E-03
ET -0 .9 7 1 1.2E-03 8.7E-04 0 .0 1 6.6E-04 2.2E-03 0.04 0 .0 1

C anopy  E -0 .9 4 0.93 1 8.1E-04 0.06 1.3E-03 6.1E-04 0 .0 1 1.6E-03
Soil E -0 .9 7 0.96 0.97 1 0.04 7.5E-04 1.2E-03 0 .0 1 2.2E-03
T -0 .7 0.74 0.54 0.59 1 0 .0 1 0.12 0.98 0.46
ET/PET -0 .9 9 0.98 0.93 0.97 0.7 1 2.3E-03 0 .0 2 0 .0 1

C anopy  E/ET -0 .9 0.88 0.99 0.93 0.45 0.88 1 0 .0 1 1.3E-03
Soil E/ET -0 .6 5 0.6 0.76 0.77 -0 .01 0.65 0.77 1 1.4E-03
T/ET 0.81 -0 .7 6 -0 .91 -0 .8 8 -0 .21 -0 .8 -0 .9 3 -0 .9 2 1

TABLE 7
A verage, m edian, standard dev ia tion , coefficien t o f variation, sk ew n ess and kurtosis 

o f spatiai M O D iSvariab iesobtained  for South Africa fo ra  typicai year (2009); n=  1 591 184
S ta tis tica l p a ra m e te r ET PET SoilE Dry soil E W et soil E T Tavg Tday VPD

Average 307 2 236 122 92 29 156 20.21 22.31 1.97
M edian 238 2 251 109 89 20 120 20.00 22.20 1.94
S tan d ard  deviation 238 303 77 49 31 151 2.97 2.94 0.82
Coetficient o f v a ria tion 0.78 0.14 0.63 0.53 1.07 0.97 0.15 0.13 0.42
Sicewness 1.33 -0 .01 0.85 0.48 1.61 2.27 0.16 0.04 0.12
K urtosis 2.00 -1.05 0.57 -0 .15 2.64 8.46 -1.20 -1.16 -0 .9 5

values low er th a n  averages an d  th e  positive sicewness ind ica ted  
th a t th e  frequency  o f observations is b iased  tow ards th e  low 
value range. For clim atic  variables {PET, Tavg, Tday an d  VPD), 
th e  frequency  d is trib u tio n  ten d ed  to be sym m etrical. K urtosis 
is an  in d ica tio n  o f th e  shape (peaic) o f th e  d is trib u tio n  and  
v aried  from  a negative n u m b er for th e  c lim atic  variables (fre
quency d is trib u tio n  fu n c tio n  w ith  a shape o f an  inv erted  bell 
w ith  no ex trem e ta il values) to  8.64 for T  (frequency d is trib u 
tio n  fu n c tio n  w ith  a sharp  peaic).

A n n u a l values o f PET, E T  a n d  its com ponents are strongly  
dependen t on clim ate (Tables 2 to 5). The h ighest P ET  values 
occu rred  in  th e  sem i-a rid  an d  a rid  areas (2 457 m m -a ' on aver
age) an d  th e  low est u n d e r tro p ica l w et co n d itions (1 892 m m -a ') 
(Fig. 3a, Tables 3 an d  5). This is consisten t w ith  isoreference 
evaporation  m aps p ro d u ced  by Savva an d  Frenicen (2002) using  
g ro u n d -b ased  m eteorological m easurem ents, an d  th e  h isto ric  
p an  evaporation  da ta  p rocessed  by W aticins (1993). C o n cern in g  
E T  an d  its com ponents, an  inverse spatial tre n d  w as observed. 
The h ig h est ET, C anopy E, Soil E  a n d  T  w ere u n d e r trop ical 
cond itions an d  th e  lowest in  a rid  an d  sem i-a rid  clim ate. E T  was 
h ig h er in  sum m er ra in fa ll areas com p ared  to  w in ter ra in fa ll 
areas in  som e years, an d  lower in  others, dep en d in g  on ra in fa ll 
p a tte rn  an d  d istribu tion . C anopy E  an d  Soil E  were generally  
h ig h er an d  T  w as low er in  w in te r ra in fa ll areas com pared  to 
sum m er ra in fa ll. This was due to  th e  low -in tensity  ra in fa ll 
typ ica lly  o ccu rrin g  in  w in te r areas (fron tal ra in  b ro u g h t by cold 
fron ts from  th e  ocean) com pared  to  tro p ica l th u n d ers to rm s of 
h igh  in tensity  o ccu rrin g  in  su m m er ra in fa ll areas. C anopy E  in  
w in ter ra in fa ll areas (8% o iE T  on average. Table 4) was consist
en t w ith  th e  m easu rem en t o f 6% m ade by Jovanovic et al. (2013) 
on fynbos vegetation endem ic to th is  area. C anopy E  in  arid  
an d  sem i-arid  areas w as basically  negligible due to  low  ra in fa ll 
an d  sparse vegetation. The h ig h est ET/PE T  an d  C anopy E /E T

ra tio s w ere in  tro p ical areas (0.38 an d  0.18 on average) an d  th e  
lowest in  a rid  areas (0.05 an d  0). The h ig h es t Soil E /E T  ra tio  was 
in  a rid  areas due to  sparse vegetation (0.52), follow ed by w in ter 
ra in fa ll areas (0.46) due to  low  in tensity  ra in fall. The h ighest 
T/E T  ra tio  was in  sum m er ra in fa ll areas (0.63) w ith  h igh  
in tensity  ra in fa ll co inc id ing  w ith  pe rio d s o f h ig h  atm ospheric  
evaporative dem and.

in  com parative  term s, A h m ad  e t al. (2005) estim ated  E T  to 
be 3.51 m m -d ' on average for th e  d o m in an t lan d  class (forest 
an d  w oodlands) in  th e  O lifan ts ca tchm en t (sum m er ra in fa ll 
area), u sing  a LandSat im age an d  SEBAL on 7 Jan u ary  2002. 
M eijn inger an d  Jarm ain  (2014) estim a ted  E T  o i  d o m in an t vege
ta tio n  using  M O D iS an d  SEBAL. A n n u a l E T  w as estim ated  to 
be 575 m m  for native thicicet, 520 m m  for endem ic fynbos and  
>800 m m  for alien invasive an d  exotic forest p lan ta tio n  species 
in  th e  W estern  Cape Province (southw est coasta l zone o f the  
w in te r ra in fa ll region), in  th e  K w aZuIuN atal P rovince (east 
coast tro p ica l w et region), an n u al E T  w as estim a ted  to be 
875 m m  for alien invasive species, 755 for native thicicet,
685 m m  for savanna an d  640 m m  for grasslands. The do m in an t 
fa rm in g  talcing place along th e  east coast is w ith  sugarcane. 
O liv ier an d  Singels (2012), u sing  lysim eters, m easu red  a sea
sonal E T  o f irrig a ted  sugarcane o f betw een 1 061 an d  1 378 
m m  d ep end ing  on crop  m anagem ent. These lite ra tu re  data 
w ere collected  for specific p u rposes, over different areas and  
ta rg e ted  to  specific types o f  vegetation, so a d irec t com parison  
w ith  M OD16 ET is difficult. However, th e  values rep o rted  in 
th e  lite ra tu re  give a coarse  in d ica tio n  th a t th e  ranges o iE T  were 
com parab le  to  those  estim a ted  w ith  M OD16 ET.

D ata for E T  an d  re la ted  c om ponents were corre lated  to  test 
th e  in te rdependency  o f icey variables in  th e  algorithm . Table 8 
sum m arises r  o b ta ined  for E T  an d  re la ted  variables p e r year.
For convenience, |r| values >0.7 were m ariced in  bo ld  in
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TABLES
Pearson correlation coefficien ts (r) b e tw een  yeariy evapotransp iration  (ET) (rows) 

and variab ies used  in th e  M 0D16 ET aigorithm  (coium ns) (p<0.01)
Year E TvsPE T ET v s  SoilE ET vs D ry  

SoilE
E Tvs W et 

SoilE
E T vsT ET vs Tavg ET vs Tday E T vs VPD

2000 -0 .73 0.67 0.56 0.76 0.91 -0 .4 3 -0 .5 3 -0 .77
2001 0.71 0.56 0.41 0.71 0.92 -0 .4 3 -0 .6 0 0.82
2002 -0 .72 0.56 0.45 0.68 0.94 -0 .5 8 -0 .6 5 0.79
2003 -0 .74 0.60 0.52 0.67 0.93 -0 .4 2 -0 .4 8 -0 .74
2004 0.76 0.61 0.53 0.69 0.94 -0 .4 8 -0 .5 6 0.76
2005 -0 .75 0.66 0.57 0.73 0.91 -0 .6 0 -0 .6 8 0.80
2006 -0 .73 0.63 0.50 0.74 0.91 -0 .3 8 -0 .4 7 -0 .77
2007 -0 .73 0.62 0.53 0.72 0.92 -0 .5 8 -0 .6 5 0.80
2008 -0 .73 0.65 0.56 0.73 0.89 -0 .5 6 -0 .6 5 0.80
2009 -0 .72 0.65 0.55 0.72 0.91 -0 .4 5 -0 .5 4 -0 .77
2010 -0 .73 0.64 0.56 0.72 0.90 -0 .4 6 -0 .5 4 -0 .74
2011 -0 .6 8 0.59 0.49 0.70 0.91 -0 .4 4 -0 .5 3 0.79
2012 -0 .72 0.60 0.50 0.71 0.91 -0 .5 3 -0 .5 8 -0 .78

Table 8. This value was chosen a rb itra rily  to  represen t m oderate  
to h ig h  corre lation  betw een variables. A ttem pts to fit n o n 
lin e a r regression  fu n c tio n s w ere m ade; how ever th is  d id  n o t 
resu lt in  substan tia l increases o f R .̂ Significance tests resu lted  
in  p ro b ab ility  values ten d in g  to  0 in  ail cases due to th e  large 
datasets an d  degrees o f  freedom  (popu lation  n u m b er >100 000). 
The effects o f large sam ple sizes on th e  p -value w ere d iscussed 
by Lin e t al. (2003), w ho suggested p rocedures an d  gu idelines to 
overcom e th is  problem .

it is evident from  Table 8 th a t E T  w as driven by a tm o s
pheric  evaporative d em an d  (PET) an d  strong ly  co rre la ted  to  T  
an d  VPD. A nalysis by clim atic  regions in d ica ted  th a t th is  was 
p a rticu la rly  tru e  for w in ter ra in fa ll an d  a rid  areas. D aytim e 
average tem p era tu re  (Tday) h a d  h ig h er r  co m pared  to Tavg 
(exception was tro p ica l w et clim ate). The correlations betw een 
E T  an d  Soil E  w ere generally  poor, w ith  th e  exception  o f som e 
years in a rid  areas. C on cern in g  th e  d irec tions o f th e  relations, 
r  was positive in  th e  re la tions o f E T  to  Soil E  an d  T; an excep
tio n  w as th e  tro p ical w et c lim ate  w here  E T  was negatively and  
w eaidy co rre la ted  to  Soil E, possibly due to th e  effects o f dense 
vegetation an d  canopy  cover u n d e r h u m id  conditions. The cor
re la tions betw een E T  an d  clim atic  variables (PET, Tavg, Tday  
an d  VPD) h a d  variable stren g th  an d  were negative, w ith  th e  
exception  o f th e  tro p ical w et clim ate, w here h ig h er tem p era 
tu res  resu lted  in  h ig h er E T  in  m ost years.

Exam ples o f corre lations betw een icey a lgorithm  v a ri
ables are show n in  Fig. 4 for tw o d is tin c t clim atic  regions 
(tropical w et an d  a rid  to  sem i-arid) for a typ ica l y ear (2009). 
E v ap o transp ira tion  (ET) is w eaidy d riven  by PET, p articu la rly  
u n d e r tro p ical w et conditions. The negative slope o f th e  lin ea r 
regression ind icates th a t E T is  h ig h er w hen th e  atm ospheric  
evaporative d em an d  is low er (Figs 4a an d  b). The co rre lation  
coefficient betw een E T  an d  VPD  was m oderate  in  a rid  regions 
(Fig. 4c) an d  weaic in  th e  tro p ica l c lim ate (Fig. 4d). ffowever, 
th e  d irec tion  o f change w as th e  same: h ig h er VPD  co rre 
sponded  to  low er E T  (T anner an d  Sinclair, 1983). The VPD  
derived from  th e  global coarse-reso lu tion  (0.5°x0.66°) M ERRA 
m eteorological data  c an n o t always reflect sm all-scale (1 icm) 
VPD  varia tions. As a result, sm all areas o f w etland , springs or 
irrig a ted  c ro p lan d  m ay cause splices in  E T  at h ig h  VPD  val
ues especially  in  th e  a rid  an d  sem i-arid  region. For exam ple, 
th is  is visible in  Fig. 4c at VPD ~ 3.25 icPa. A lthough  outliers

are visible in  Figs 4c an d  d, th e  bulic o f  th e  data  p o in ts  are in 
th e  low er p a r t  o f th e  graphs. S im ilar re la tions w ere generally  
observed for E T  in  re la tion  to daily  average an d  day tim e te m 
p e ra tu re  (data no t show n). Figures 4e to  h  show th e  relations 
betw een E T  an d  its com ponents Soil E  an d  T. The data  d is trib u 
tio n  o iE T  vs. Soil E  has a fanshape: it is co n tro lled  by T  in  the  
low er range  o f Soil E, w hilst Soil E  is u sually  th e  l im itin g  factor 
in  th e  h ig h  range o f its values. The m odera te  R^in th e  a rid  c li
m ate (Fig. 4e) ind icates th a t Soil E  is an im p o rta n t com ponent 
o f E T  w here vegetation  is sparse an d  canopy  cover is low. This is 
n o t th e  case in  th e  tro p ical c lim ate  (Fig. 4f), w here a low  was 
observed w ith  a negative slope o f th e  lin e a r regression, in d ica t
in g  th a t, in  p red o m in an tly  dense vegetation, T  is th e  m ain  con
tro llin g  factor. S im ilar d irec tions an d  re la tions were observed 
betw een E T  an d  th e  separate  com ponents o f D ry Soil E  an d  W et 
Soil E  (data n o t shown). A m ongst ail factors analysed, E T  h ad  
th e  strongest dependence on T  (Figs 4g an d  h). The fanshape of 
th e  da ta  p lo t is visible for a rid  areas (Fig. 4g), w here th e  E T  is 
co n tro lled  by Soil E  in  th e  lower range o f T. in  areas w ith  dense 
vegetation, th e  R  ̂o f  th e  lin e a r regression betw een E T  an d  T  
w as h ig h  an d  th e  fanshape o f th e  data  p lo t a lm ost s tra igh tened  
com pletely (Fig. 4h). The T  p o rtio n  o f th e  a lgorithm  appears to 
be suitable for h u m id  regions w here E T is  lim ited  by available 
energy  an d  stom ata l resistance is reg u la ted  by a ir tem p era tu re  
an d  VPD. However, in  d ry  regions, add itional co n tro llin g  fac
to rs  liice soil w ater supply play a role in  th e  estim ation  o iE T  
(M u et al., 2007b).

CO N C LU SIO N S

Satellite E arth  observations w ill be o f huge im p o rtan ce  in 
a v a rie ty  o f applications in  fu ture. Rem ote sen sin g -b ased  
m eth o d s have scope in  ro u tin e  applications for w ater an d  lan d  
resource p lan n in g  an d  m anagem ent, as w ell as in  scientific 
research  on physical, b iogeochem ical an d  ecological processes, 
in  th is  study, we p resen ted  a first evaluation  o f M OD16 ET and  
re la ted  p ro d u c ts  for South  Africa.

Average E T  in  South  A frica (2000-2012) was estim ated  
to  be 303 m m -a ' o r 371.6 x  10® m m -a ' (14% o f P ET  and  
67% o f ra in fall), m ain ly  in  th e  form  o f p lan t tran sp ira tio n  
(53%) an d  Soil E  (39%). D irect evapora tion  from  th e  vegeta
tio n  canopy  was a m in o r com ponen t o f £ T  (9% on average).
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Figure 4
Linear regressions o f  MODiS evapotranspiration (ET) vs. potentiai evapotranspiration (PET), vapour 

pressure deficit (VPD), soii evaporation (Soii E) and  transpiration (T) for arid and  semi-arid region 
(a, c, e, g) and tropicai w etc iim ate (b, d, f  h) for a typicai year (2009).

E vapo transp ira tion  show ed a slight ten d en cy  to decrease over 
th e  p e rio d  2000-2012 in  all c lim atic  regions except in  th e  south  
o f th e  co u n try  (w inter ra in fa ll areas), a lthough  a n n u a l v a ria 
tio n s in  ET  resu lted  in  th e  13-year tren d s  n o t being  statistically  
significant. R ainfall an d  atm ospheric  evaporative d em an d  are 
th e  m ain  c lim atic  variables d riv in g  ET  an d  p a rticu la rly  its

tran sp ira tio n  com ponent. The h ighest PET  values occu rred  in 
th e  sem i-a rid  an d  a rid  areas (2 457 m m -a ' on average) an d  th e  
lowest u n d e r tro p ica l w et co n d itions (1 892 m m -a '). Inversely, 
th e  h ig h est ET, Canopy E, Soil E an d  T  w ere u n d e r tro p ical co n 
d itions an d  th e  lowest in  a rid  an d  sem i-a rid  clim ate. V apour 
p ressu re  deficit (VPD) is an  im p o rta n t c lim atic  variable in  a rid
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an d  w in te r ra in fa ll areas. The re la tion  o iE T  to  day tim e aver
age tem p era tu re  generally  h a d  a h ig h er co rre lation  coefficient 
com pared  to Tavg in all c lim atic  areas, except u n d e r trop ical 
conditions. E v ap o transp ira tion  (ET) is strongly  dependen t on 
T  in  all c lim atic  regions, an d  occasionally  on Soil E in  d ry  areas 
w ith  sparse vegetation.

The M OD16 ET a lgo rithm  can  be suitable to iden tify  
tem p o ra l changes an d  for relative com parisons o f da ta  betw een 
clim atic  regions. In absolute term s, M OD16 ET underestim ated  
ET by  15% for w ater balance c losure at n a tio n a l scale. These 
results, however, open up th e  o p p o rtu n ity  to  im prove an d  test 
th e  a lgorithm  for ET  estim ation , by acco u n tin g  for b o th  a tm os
pheric  d em an d  lim itin g  an d  soil w ater supply lim itin g  co n d i
tio n s in  th e  nex t research  phase. The relatively coarse resolu tion  
o f ~1 km^ pixels m ay have im plications for applications in 
restric ted  areas, especially  in  heterogeneous vegetation, lan d  
use/cover an d  landscape.
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