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Dynamics of MODIS evapotranspliration In South Africa

Nebo Jovanovic'* Qiaozhen Mu” Richard DH Bugan' and Maosheng Zhao”
'‘CSIR, Natural Resources and Environment, POBox320,7599 Stellenbosch, South Africa
ANumerical Terradynamic Simulation Group, College o fForestry and Conservation, University ofMontana, 32 Campus Drive, Missoula, M T59812, USA
ADepartment of Geographical Sciences, University ofMaryland, 2181 SamuelJ. LeFrak Hall, College Park, MD 20742, USA

ABSTRACT

This paper describes the dynamics ofevapotranspiration (E7) in South Africa using MOD16 ET satellite-derived data,
and analyses the inter-dependency ofvariables used in the ET algorithm ofMu et al. (2011). Annual evapotranspiration
is strongly dependent on rainfall and potential evapotranspiration (PET) in 4 climatically different regions of South
Africa. Average ET in South Africa (2000-2012) was estimated to be 303 mm-a' or 481.4 x 10’ m’-a' (14% ofPET and 67%
ofrainfall), mainly in the form ofplant transpiration (7, 53%) and soil evaporation (Soil E, 39%). Evapotranspiration (ET)
showed a slight tendency to decrease over the period 2000-2012 in all climatic regions, except in the south ofthe country
(winter rainfall areas), although annual variations in E7 resulted in the 13-year trends notbeing statistically significant.
Evapotranspiration (ET) was spatially dependent on PET, T and vapour pressure deficit (VPD), in particular in winter
rainfall and arid to semi-arid climatic regions. Assuming an average rainfall 0f450 mm-a', and considering current best
estimates ofrunoff (9% ofrainfall), groundwater recharge (5%) and water withdrawal (2%), MOD16 ET estimates were
about 15% short ofthe water balance closure in South Africa. The ET algorithm can be refined and tested for applications in
restricted areas that are spatially heterogeneous and by accounting for soil water supply limiting conditions.

Keywords: MOD16, potential evapotranspiration, soil evaporation, transpiration, water balance

INTRODUCTION

Sustainable management of water resources requires careful
planning, monitoring and management, as water is a finite
resource in quality and quantity. Environmental change driven
by anthropogenic global warming imposes additional con-
straints, for example, increase in extreme weather occurrences
(droughts and floods), increase in temperature and potential
evaporation, changes in rainfall amounts and distribution,
etc. The quantification ofthe water cycle components is a
fundamental requirement in the assessment and management
ofwater resources, in particular, under the impacts ofhuman-
induced land-use and climate change.

Evapotranspiration (ET) is akey process within the
hydrological cycle and arguably the most difficult component
to determine, especially in arid and semi-arid areas where a
large proportion oflow and sporadic precipitation is returned
to the atmosphere via ET. In these areas, vegetation is often
subject to water stress and plant species adapt in different ways
to prolonged drought conditions (Jovanovic and Israel, 2012).
Evapotranspiration (ET) is estimated to be >60% ofrainfall on
a global scale (Korzoun et al., 1978; Lvovich and W hite, 1990)
and can reach nearly 100% ofrainfall in arid regions (Bugan et
al., 2012). In addition, ET varies depending on the heterogene-
ity ofthe landscape and topography climate, type of vegetation
and soil properties (Mu et al., 2007a). This makes the process
of ET very dynamic overtime and variable in space. By under-
standing how this parameter varies in space and time, we will
improve our understanding ofa critical component ofthe

water cycle.
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Besides the FLUXNET network (Baldocchi et al., 2001),
measurements oiE T are scarce and localised. However, our
ability to use information from satellite sensors to estimate ET
is developing rapidly and offers the opportunity to understand
how ET varies across space and time, reduce uncertainty levels,
increase spatial details and scale-up to large areas. The accuracy
and uncertainty of satellite-based estimates of ET were evalu-
ated in specific studies for different algorithms and products,
e.g., SEBAL (Bastiaanssen et al., 1998a and b), METRIC (Allen
et al., 2007a and b), SEBS (Su, 2002), and MODIS ET (Mu et
al., 2007a), as well as for components of ET calculation such as
MODIS fraction of absorbed photosynthetically active radia-
tion (FPAR) and leafarea index (LAI) (Myneni et al., 2002).
This was generally done by comparison between remote sens-
ing-based estimates of ET and ground-based measurements
of ET or other variables. Mueller et al. (2011) and Jimenez et
al. (2011) also compared global ET datasets and surface fluxes
obtained with satellite-based products and land surface models
for large river basins ofthe world.

The Council for Scientific and Industrial Research (CSIR)
has recently initiated research aimed at evaluating, validating
and improving the MOD16 ET product, one ofthe free satellite-
based ET products with readily available ET data for the past 13
years. These time series were seldom applied to estimate ET in
Africa, especially in arid and semi-arid regions. The MOD16 ET
product estimates global ET from ground-based meteorologi-
cal observations and remote-sensing data from the Moderate
Resolution Imaging Spectroradiometer (MODIS) located on
NASA’s Terra and Aqua satellites (Justice et al., 2002). The
MODIS sensor works on a spatial resolution ofapproximately
1km, making it potentially suitable for applications in water
resource management. The images contain 36 spectral bands
in the wavelength range 0f0.4 to 14.4 pm. The MOD16 ET
algorithm was developed by Mu et al. (2007a) from the original
model of Cleugh et al. (2007), and later improved by Mu et al.
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(2011). This paper presents the first evaluation of
the MOD16 ET done in South Africa at country-
wide scale. The aims were: (i) to describe the
annual and spatial trends of E7 and its components
estimated with the modified ET algorithm ofMu
et al. (2011) for South Africa, and (ii) to assess the
limiting ranges ofalgorithm key variables in rela-

tion to E7 and its components.

MATERIAL AND METHODS

MODI16ET algorithm

Briefdescription ofthe MODIS ETalgorithm

The detailed algorithm description can be found
in Mu et al. (2007a) and Mu et al. (2011). In this
study, only the variables used in the analysis are
described. The MOD16 ET algorithm is based

on the physically sound theory ofthe Penman-
Monteith energy balance (Monteith, 1965; Allen et
al, 1998):

A+YX(l+rs/ra)
where:

ETisin mm
Xis the latent heat of vaporisation ofwater
(1*%")
Ais the gradient ofthe saturation vapour
pressure-temperature function (Pa°C")

is the net radiation (J-m "-s")
G is the soil heat flux (J-m”-s')

is the air density (kg-m”*)

is the specific heat ofthe air (J-kg"'-K i)

is the saturated vapour pressure ofthe air
(Pa), a function ofair temperature measured at
height z

isthe mean actual vapour pressure ofthe air
measured at height z (Pa)
(e-e) is vapour pressure deficit {V’PD,; Pa)

is the aerodynamic resistance to water
vapour diffusion into the atmospheric bound-
ary layer (s-m')
Yis the psychrometric constant (0.066 kPa-K")
r isthe surface resistance to water vapour

transfer (s-m')

The MOD16 ET algorithm (Mu et al., 2011) cal-
culates ET using global daily temperature, actual
vapour pressure and incoming solar radiation, and
remotely-sensed EAR FPAR, albedo, and land cover
type. The available energy atthe land surface {R" is
partitioned into vegetation surface and soil surface
using FPAR (MODIS 15A product, assumed to be
equal to canopy cover FA. Theterm r from Eq.
(1) is defined as an effective surface resistance to
evaporation from the soil surface and transpiration
from the plant canopy. Canopy r decreases as VPD
decreases, and it is also limited by low temperature
(Mu et al, 2007a; Mu et al, 2011).

Evaporation from the wet canopy occurs after
certain conditions (e.g. after rainfall, when air
relative humidity >70%) and can be a substantial

component when leafarea is large. In order to
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calculate daytime and night-time F7, daily average air temperature (Tavg)
is assumed to be the average ofdaytime air temperature (Tday) and night-
time temperature (Mu et al., 2011). Day-time and night-time ET are then
added up to get daily ET values.

A soil evaporation {Soil E) component is also calculated in the MOD16
ET algorithm (Mu et al,, 2011), which may be important in arecas with a
sparse canopy. The potential evaporation from the soil is first calculated
with an equation that fully resembles the Penman-Monteith energy bal-
ance equation (Eq. (1)). Actual Soil E is then calculated as a function of
air relative humidity /RET). The algorithm also considers the wet surface
fraction (E ) calculated as a function of RH. The wet surface fraction (E )
represents the fraction ofcanopy or soil covered by water. In the case of
the canopy, EY'is used to separate evaporation of water intercepted by the
canopy and transpiration (T). In the case ofthe soil, E™is used to separate
evaporation from saturated and moist soil surface. The latent heat fluxes
from vegetation canopy and soil (partitioned through P*and F*J are
finally summed up to calculate E7 for the particular vegetation.

MODI16 ET is the sum of3 components:

ET —Tr + Bc + Ei (2)

where:
T, E® andE. are canopy transpiration (T), soil evaporation {Soi/ E), and
interception evaporation {Canopy E), respectively.

{ARnFc + pCpVPD Fc/Eic)(1 ~ Fwet) 3)
ATr =
s-hy X (1 -hr.JVac)
{"RnEc + pCpVPD Fc/rawc)Fwet
XEi = “)

A-h( -h

' *awc)'

The term E*consists of Soil E from dry soil surface and wet soil surface:
Awet_soil 4" "SoiLpot fsm 5)

(A(i?,,(1 - FJ - G) + pCp(1.0 - Fc) VPD/rgs)Fwet

(i(B,,(1 - FI- O +0C,(1,0 - Fo) I'fP/r,,)(1 - Fwet) (y,
‘SOILpot '
»+

where:
Ej, is the fractional vegetation cover
E ,isrelative surface wetness (EEP)
r “are the aerodynamic and canopy resistances ofthe dry canopy
is modified RET™ to the one in Fisher et al. (2008)
r andr arethe aerodynamic and wet canopy resistances ofthe wet
canopy
ET™Y s

r andr are the soil aerodynamic conductance and soil total
s s

are the wet and potential Soil E
resistances

The potential plant transpiration {T”J is calculated following the Priestley-
Taylor (Priestley and Taylor, 1972) equation:

aAPnFcil - Fwet »
! 1.26 ®
s -hy

The total daily potential ET (PET) is calculated with Eq. (9):

PET —AEi + ATpQi + AB™ + XESor1Lpor )
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GMAO MERRA meteorologicalinputdata

NASA/GMAO Modern Era Retrospective Analysis (MERRA)
at spatial resolution 0f0.5°x 0.66° provided every hour was used
as meteorological inputto the MOD16 ET algorithm. Mu et al.
(2011) processed the hourly data to daily level. The technique
proposed by Zhao et al. (2005) was used to interpolate data
from coarse spatial resolution to 1km, to fit MODIS pixels,

to remove abrupt changes from one side ofa GMAO pixel to
another, and to improve the accuracy ofthese pixels.

Methodology and study area

South Africa covers a wide range ofclimatic and hydrological
conditions. The South African Department of Water Affairs
classified the country’s water resources into 19 water manage-
ment areas (WMAs) in 2004 (DWAF, 2004, since regrouped
into 9 WMAs). The WMA borders were used to delineate 4
climatic regions (Fig. la). The western and central WM Ass fall
in arid and semi-arid regions. The southern WM As are in an
area with a Mediterranean (winter rainfall) climate. The east-
ern coastal area has atropical wet climate, whilst the northern
regions are in the sub-tropical (summer rainfall) belt. Such
climatic diversity is ideal for the analysis ofa wide range of ET
values. The division into 4 climatic regions is corroborated by
the characteristic gradient in annual rainfall from west (arid
and semi-arid climate) to east (tropical wet climate) (Fig. 1b;
Lynch and Schulze, 2006). It is evident that average air tem -
peratures are typically moderate in the south and east ofthe
country, and high in the north-west (Fig. Ic).

Thirteen years (2000-2012) ofannual MOD16 ET and
GMAO MERRA meteorological data were collected and pro-
cessed for the whole country, as well as for individual climatic
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Figure 1
a) Climatic regions ofSouth

Africa delineated based on Water

ManagementAreas (South African

Departmentof WaterAffairs and

Forestry; DWAF, 2004); b) mean annual

rainfall for the period 1960-2014
(Lynch and Schulze, 2006); c) average
airtemperature (Tavg, MODIS) for a

typicalyear (2009)

regions as classified in Fig. la, on a0.912 km x 0.912 km pixel
basis. For each yearly data set, the following variables were
extracted:

Evapotranspiration (ET)

Potential evapotranspiration (PET)

Evaporation from wet canopy surface {Canopy E)

Soil evaporation (Soil E)

Dry soil evaporation (Dry soil E)

Wet soil evaporation (Wet soil E)

Transpiration (T)

Average air temperature (Tavg)

Daytime average air temperature (7day)

Daytime average vapour pressure deficit (VPD)

The variables were selected based on the improvements intro-
duced by Mu et al. (2011) to the original algorithm. Yearly and
spatial changes in ET were analysed and correlated to the yearly
values for each variable in order to assess the sensitivity and
dependence of FT to the selected variables. The data were ana-
lysed for the whole country as well as per climatic region.

Statistical analysis

The temporal (annual) changes in ET and associated variables
were assessed using linear regression functions and tested
for statistical significance. For the assessment of dependence
between ET and associated variables over time, the Spearman
rank correlation coefficient (") was used because it is suitable
for small data series that may not necessarily have anormal
distribution. The InfoStat software (Di Rienzo et al., 2012) was
used forthe calculation of and statistical significance.
Forthe spatial analysis it was not possible to generate a
dataset by averaging the annual data for 13 years because the
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Potential evapotranspiration (PET), actual evapotranspiration (E7), canopy and soli evaporation

TABLE 1

(Canopy Eand Soil E) and transpiration (7) estimated with MODIS products for South Africa.
Slopes of the linear regression are shown (p>0.05 in ail cases). Total area is 1228 297 km".

Year PET ET (bliilon ET CanopyE SoiiE T (mnti’a') ET/ Canopy SoiiE/ET TET
(mnti’a') m=a') (mnti’a") (mnti’a") (mnti’a") PET EIET

2000 2173 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 2292 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 2285 342.2 279 21 95 163 0.12 0.07 0.34 0.58
2005 2266 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 2268 347.1 283 22 110 151 0.12 0.08 0.39 0.53
2008 2 211 3774 307 27 129 151 0.14 0.09 0.42 0.49
2009 2236 377.6 307 30 122 156 0.14 0.10 0.40 0.51
2010 2262 369.8 301 27 116 159 0.13 0.09 0.38 0.53
2011 2209 393.5 320 26 119 175 0.15 0.08 0.37 0.55
2012 2250 368.8 300 24 115 162 0.13 0.08 0.38 0.54
Average 2239 371.6 303 27 117 158 0.14 0.087 0.387 0.526
Slope 0.649 -0.097 -0.079 -0.153 -0.203 0.277 -1E-04 -2E-04 -3E-04 5E-04

number of missing data (out ofrange) varied between years, 400

and this may have introduced inconsistencies and bias. The spa-

tial analysis was then performed for ayear when annual E7 and 300

associated components exhibited the least deviation from the

13-year average. This typical year was 2009 and it was assumed : 200

that it would give a realistic and representative description

ofspatial differences. Average, median, standard deviation, "

coefficient of variation, skewness and kurtosis ofall relevant LllT 100

variables were determined using all data pixels. The spatial

dependence between variables was assessed for all years using

the coefficient of determination (R%) ofregression functions and 8 o o O O 0 N m

Pearson correlation coefficient (r). In this instance, r was used

instead of to reduce computation time because ofthe very Year

large dataset («>100 000) and to better account for outliers (the =ET -Canopy E _Soil E

effects of outliers may be masked by the ranking in ). Both the

coefficient of determination (R®) and the correlation coefficients Figure 2

were reported to be suitable to indicate whether two datasets
have similartemporal or spatial patterns (Ji and Gallo, 2006).

RESULTS AND DISCUSSION
Temporal changes of MOD16 ETand ETcomponents

Thirteen years of annual PET, ET and its components were
estimated with MODIS products and are shown in Table L
ft was estimated that the average ET in South Africa is
303 mm-aranging from 244 mm-a' in 2003 to 354 mm-a’
in 2006. Only 14% ofthe potential atmospheric demand for
water evaporates (ET/PET). The largest component of ET was
transpiration ofplants (53% on average), followed by Soil E
(39% on average). Direct evaporation from the vegetation
canopy was aminor component of ET (9% on average).
Annual values indicated that £7 was rather stable in the
period 2000-2012 (Fig. 2), depending on rainfall amounts
and distribution. Evapotranspiration (ET), Canopy E and Soil
E showed a slight tendency to decrease based on the negative
slope ofthe linear regression (Table 1), whilst PET and T were
slightly increasing (positive slope in Table 1). However, annual
variability was much larger than the observed changes and
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Thirteen-yeartrends in annual evapotranspiration (ET), canopy
evaporation (canopy E), soil evaporation (soil E) and transpiration
(T) estimated with M ODIS for South Africa

these trends were not statistically significant (p>0.05). Tables
2to 5 show 13 years ofannual PET, ET and its components
for each climatic region. Evapotranspiration (ET) displayed
a slight tendency to decrease in all climatic regions, except
in winter rainfall areas where the Canopy E and Soil E were
increasing. However, none ofthe trends was statistically signifi-
cant (p>0.05). Nation-wide average values (Table 1) are biased
towards the values estimated in the arid and semi-arid climate,
which represents the largest climatic region in extent (Fig. la).
The relations between variables were determined using
and the results are summarised in Table 6. The values below the
main diagonal in Table 6 represent r*. A positive number rep-
resents positive correlation and vice versa. Good correlations
tend to +1 (positive correlation) and -1 (negative correlation).
The values above the main diagonal represent the probability
associated with the null hypothesis. Values <0.05 represent
statistically significant relations at probability of95% or more,
and these are highlighted in bold in Table 6. ftis evident that
there is generally a negative correlation between PET and all
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TABLE 2

Potential evapotranspiration (PET), actual evapotr

anspiration (ET),canopy and soil evaporation (Canopy E

and SotVE) and transpiration (7) estimated with MODIS products for the summer rainfall area of South Africa.

Slopes of the linear regression are shown

(p>0.05 in ail cases). Total area is 299 693 km".

Year PET ET (billion ET CanopyE SoilE T ET/ Canopy Soil E/ET T/ET
(mm-a') =-a") (mm-a') (mm-a') (mm-a') (mm-a') PET E/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 -0.068 -0.296 -0.256 -0.746 0.705 -5E-04 -5E-05 -1E-03 -2F-03
TABLES

Potential evapotranspiration (PET), actual evapotr
and SoilE) and transpiration (T) estimated with M

anspiration (ET),canopy and soil evaporation (Canopy E
ODIS products for the tropical wet area of South Africa.

Slopes of the linear regression are shown (p>0.05 in ail cases). Total area is 132 913 km".

Year PET ET (billion ET CanopyE
(mm-a') m=.a") (mm-a') (mm-a')
2000 1834 108.4 816 192
2001 1869 101.5 764 148
2002 1935 90.6 682 98
2003 1970 80.9 609 77
2004 1906 92.5 696 107
2005 1905 92.2 694 130
2006 1823 104.5 787 178
2007 1935 92.2 694 108
2008 1853 91.9 691 126
2009 1 880 96.2 724 140
2010 1922 94.8 713 136
2011 1857 94.2 709 119
2012 1910 94.8 713 118
Average 1892 95.0 715 129
Slope 0.002 -0.313 -2.356 -1.292

variables except 7/ET. The remaining variables were generally
positively correlated. Analysis by climatic region indicated that
the correlations ofratios (Canopy E/ET, Soil E/T and T/ET)

to other variables were generally not significant in the winter
rainfall and especially arid and semi-arid climates.

In absolute terms, MOD16 ET estimated an average water
loss to the atmosphere 0f371.6 x 10®mm-a' for the country
(Table 1). Assuming an average rainfall of450 mm -acorre-
sponding to 553 x 10®m m -ait was calculated that 67% of
rainfall water evaporates. It was estimated that runoffis about
50 x 10®mm-a' or 9% ofrainfall (DWAF, 2004) and that
groundwater recharge is about 30 x I0®Rmm-a' or 5% ofrainfall
(Vegter, 1995; DWAF, 2005). Frenken (2005) estimated water
withdrawal in South Africato be 12.5x 10®mm-a' in 2000.
Considering missing data (about 3% ofthe total number of
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SoilE T ET/ Canopy Soil E/ET T/ET
(mm-a') (mm-a') PET EIET
249 375 0.44 0.24 0.31 0.46
220 395 0.41 0.19 0.29 0.52
180 404 0.35 0.14 0.26 0.59
181 351 0.31 0.13 0.3 0.58
179 410 0.37 0.15 0.26 0.59
212 352 0.36 0.19 0.31 0.51
234 375 0.43 0.23 0.3 0.48
200 385 0.36 0.16 0.29 0.56
234 331 0.37 0.18 0.34 0.48
211 373 0.39 0.19 0.29 0.52
216 362 0.37 0.19 0.3 0.51
201 389 0.38 0.17 0.28 0.55
199 396 0.37 0.17 0.28 0.56
209 377 0.38 0.18 0.29 0.53
-0.368 -0.696 -1F-0.3 -6F-04 2F-04 4F-04

pixels), MOD16 ET estimates were about 15% short ofthe water
balance closure for South Africa, possibly due to inaccuracies
in the algorithm and input data (e.g. land cover).

Spatial changes of MOD16 ETand E7components

Figure 3 (ato g) displays environmental variables obtained
from MODIS for atypical year (2009) when annual E7 and
associated components exhibited the least deviations from

the 13-year average (Table 1). Climatic conditions drive PFT
exhibiting a gradient from the southeast to the northwest

(Fig. 3a). The gradient is inverse for ET (Fig. 3b), which is driven
by atmospheric evaporative demand, but depends on rainfall
(Fig. Ib) and vegetation cover (Fig. 3¢). High rainfall areas

(Fig. Ib) are generally associated with a more humid
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TABLE 4

Potential evapotranspiration {PET), actual evapotranspiration {ET), canopy and soli evaporation
{Canopy Eand Soil E) and transpiration (T) estimated with MODIS productsfor the winter rainfall area
of South Africa. Slopes of the linear regression are shown (p>0.05 in ail cases). Total area is 249 637 km”".

Year PET ET (bliilon ET CanopyE SoilE T ET/ Canopy SoiiE/ET T/ET

(mm-a') m=.a") (mm-a') (mnti’a') (mm-a') (mm-a') PET EIET
2000 1886 103.4 414 43 191 180 0.22 0.1 0.46 0.43
2001 1899 102.7 411 36 189 186 0.22 0.09 0.46 0.45
2002 1965 94.2 377 27 162 189 0.19 0.07 0.43 0.5
2003 1963 87.5 351 21 156 173 0.18 0.06 0.45 0.49
2004 2001 90.1 361 25 156 180 0.18 0.07 0.43 0.5
2005 1940 95.0 380 33 170 111 0.20 0.09 0.45 0.46
2006 1856 109.0 436 49 203 184 0.24 0.11 0.47 0.42
2007 1933 97.2 389 34 181 175 0.20 0.09 0.46 0.45
2008 1898 99.2 397 34 187 176 0.21 0.09 0.47 0.44
2009 1957 89.6 359 27 172 160 0.18 0.07 0.48 0.45
2010 1960 91.6 367 29 185 154 0.19 0.08 0.5 0.42
2011 1836 106.5 426 40 194 193 0.23 0.09 0.45 0.45
2012 1869 106.6 427 40 193 194 0.23 0.09 0.45 0.46
Average 1920 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 -0.369 1E-03 3E-04 2E-03 -2E-03

TABLE 5
Potential evapotranspiration {PET), actual evapotranspiration {ET), canopy and soli evaporation
{Canopy Eand Soil E) and transpiration (T) estimated with MODIS products for the arid and semi-arid area
of South Africa. Slopes of the linear regression are shown (p>0.05 in ail cases). Total area is 546 054 km".

Year PET ET (bliilon ET CanopyE SoiiE T(mm-a') ET/ Canopy SoiiE/ET T/ET

(mm-a') m=.a'") (mm-a') (mnti’a") (mm-a') PET EIET
2000 2400 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 2494 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 2524 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 2384 87.9 161 2 80 79 0.07 0.01 0.5 0.49
2007 2477 62.2 114 0 62 52 0.05 0 0.54 0.46
2008 2430 74.2 136 0 72 64 0.06 0 0.53 0.47
2009 2458 71.0 130 0 66 63 0.05 0 0.51 0.49
2010 2490 68.3 125 0 58 67 0.05 0 0.46 0.54
2011 2424 83.0 152 1 70 81 0.06 0 0.46 0.53
2012 2473 68.0 125 0 67 57 0.05 0 0.54 0.46
Average 2457 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 -8E-05 -3E-04 -4E-03 4E-03

environment, lower PET and denser vegetation cover compared
to dry areas. As aresult, ET is higher in the tropical wet eastern
region compared to the arid and semi-arid northwest region
(Fig. 3b). Both components of ET, namely T (Fig. 3d) and Soil

E (Fig. 3e), exhibit the same gradients, i.e., they are high in the
high rainfall area ofthe east coast and low in the arid northwest
ofthe country.

The MODIS land cover map (Fig. 3c) classifies the largest
portion ofinland South Africa (central and western regions) as
open shrubland and grassland, with savanna occurring in the
northeast part ofthe country. Land cover is classified as crop-
land mostly along the west and east coast and in the north-
east. The main urban areas are clearly visible in the northeast
(Johannesburg), southwest (Cape Town) and on the east coast

(Durban). Values of MODIS variables were out ofrange for
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pixels coinciding with urban areas and these were discarded
from the analysis. Another area with frequent missing data (out
ofrange) is visible in the northwest inland and classified as bar-
ren or sparsely vegetated. The ratio 7/ET tends to be high in the
northern, summer rainfall parts ofthe country where grass-
lands commonly occur, and low in the dry southwest where
sparse vegetation occurs (Fig. 3f). The opposite trend is visible
forthe Soil E/ET ratio (Fig. 3g). In the central and northwest-
ern parts ofthe country, lines following major river systems
(Orange and Vaal) are clearly visible providing exceptional
values ofhigh T/ET and low Soil E/ET (Figs 3fand g).

Table 7 shows the statistical analysis of MODIS spatial data
for atypical year (2009). For ET and related variables {Soil E
and T), the large standard deviations and coefficients ofvaria-

tion indicated the wide ranges ofvalues observed. The median
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Figure 3
a)Annualpotential evapotranspiration (PET); b) annual
evapotranspiration (ET); c) land cover; d) annual transpiration
(T); e) annual soilevaporation (Soil E); f) T/ETratio; and g) Soil
E/ETratio obtained with MODIS for a typicalyear (2009).
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TABLE 6
Spearman correlation coefficients of annuai potentiai evapotranspiration {PE7), actuai
evapotranspiration {ET), canopy and soii evaporation (£) and transpiration (T) estimated
with MODIS products for the period 2000-2012 for South Africa

Variable PET ET Canopy E Soil E T ET/PET Canopy Soil E/ET T/ET
E/ET
PET 1 7.5E-04 1.IE-03 8.1E-04 0.02 5.7E-04 1.9E-03 0.02 4.8E-03
ET -0.97 1 1.2E-03 8.7E-04 0.01 6.6E-04 2.2E-03 0.04 0.01
Canopy E -0.94 0.93 1 8.1E-04 0.06 1.3E-03 6.1E-04 0.01 1.6E-03
Soil E -0.97 0.96 0.97 1 0.04 7.5E-04 1.2E-03 0.01 2.2E-03
T -0.7 0.74 0.54 0.59 1 0.01 0.12 0.98 0.46
ET/PET -0.99 0.98 0.93 0.97 0.7 1 2.3E-03 0.02 0.01
Canopy E/ET -0.9 0.88 0.99 0.93 0.45 0.88 1 0.01 1.3E-03
Soil E/ET -0.65 0.6 0.76 0.77 -0.01 0.65 0.77 1 1.4E-03
T/ET 0.81 -0.76 -0.91 -0.88 -0.21 -0.8 -0.93 -0.92 1
TABLE 7
Average, median, standard deviation, coefficient of variation, skewness and kurtosis
of spatiai MODiSvariabiesobtained for South Africa fora typicai year (2009); n=1 591 184
Statistical parameter ET PET SoilE Dry soil E Wetsoil E T Tavg Tday VPD
Average 307 2236 122 92 29 156 20.21 2231 1.97
Median 238 2 251 109 89 20 120 20.00 22.20 1.94
Standard deviation 238 303 77 49 31 151 2.97 2.94 0.82
Coetficient ofvariation 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
Kurtosis 2.00 -1.05 0.57 -0.15 2.64 8.46 -1.20 -1.16 -0.95

values lower than averages and the positive sicewness indicated
that the frequency of observations is biased towards the low
value range. For climatic variables {PET, Tavg, Tday and VPD),
the frequency distribution tended to be symmetrical. Kurtosis
is an indication ofthe shape (peaic) ofthe distribution and
varied from anegative number for the climatic variables (fre-
quency distribution function with a shape ofan inverted bell
with no extreme tail values) to 8.64 for T (frequency distribu-
tion function with a sharp peaic).

Annual values of PET, ET and its components are strongly
dependent on climate (Tables 2 to 5). The highest PET values
occurred in the semi-arid and arid areas (2 457 mm-a' on aver-
age) and the lowest under tropical wet conditions (1 892 mm-a’)
(Fig. 3a, Tables 3 and 5). This is consistent with isoreference
evaporation maps produced by Savva and Frenicen (2002) using
ground-based meteorological measurements, and the historic
pan evaporation data processed by Waticins (1993). Concerning
ET and its components, an inverse spatial trend was observed.
The highest ET, Canopy E, Soil E and T were under tropical
conditions and the lowest in arid and semi-arid climate. ET was
higher in summer rainfall areas compared to winter rainfall
areas in some years, and lower in others, depending on rainfall
pattern and distribution. Canopy E and Soil E were generally
higher and 7T was lower in winter rainfall areas compared to
summer rainfall. This was due to the low-intensity rainfall
typically occurring in winter areas (frontal rain brought by cold
fronts from the ocean) compared to tropical thunderstorms of
high intensity occurring in summer rainfall areas. Canopy E in
winter rainfall areas (8% oiE T on average. Table 4) was consist-
ent with the measurement of 6% made by Jovanovic et al. (2013)
on fynbos vegetation endemic to this area. Canopy E in arid
and semi-arid areas was basically negligible due to low rainfall
and sparse vegetation. The highest ET/PET and Canopy E/ET
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ratios were in tropical areas (0.38 and 0.18 on average) and the
lowest in arid areas (0.05 and 0). The highest Soil E/E T ratio was
in arid areas due to sparse vegetation (0.52), followed by winter
rainfall areas (0.46) due to low intensity rainfall. The highest
T/ET ratio was in summer rainfall areas (0.63) with high
intensity rainfall coinciding with periods ofhigh atmospheric
evaporative demand.

in comparative terms, Ahmad et al. (2005) estimated ET to
be 3.51 mm-d' on average for the dominantland class (forest
and woodlands) in the Olifants catchment (summer rainfall
area), using a LandSat image and SEBAL on 7 January 2002.
Meijninger and Jarmain (2014) estimated ET oi dominant vege-
tation using MODIiS and SEBAL. Annual E7 was estimated to
be 575 mm for native thicicet, 520 mm for endemic fynbos and
>800 mm for alien invasive and exotic forest plantation species
in the Western Cape Province (southwest coastal zone ofthe
winter rainfall region), in the KwaZuluNatal Province (east
coast tropical wet region), annual ET was estimated to be
875 mm for alien invasive species, 755 for native thicicet,
685 mm for savanna and 640 mm for grasslands. The dominant
farming talcing place along the east coast is with sugarcane.
Olivier and Singels (2012), using lysimeters, measured a sea-
sonal ET ofirrigated sugarcane ofbetween 1061 and 1378
mm depending on crop management. These literature data
were collected for specific purposes, over different areas and
targeted to specific types of vegetation, so a direct comparison
with MOD16 ET is difficult. However, the values reported in
the literature give a coarse indication that the ranges oiE T were
comparable to those estimated with MOD16 ET.

Data for ET and related components were correlated to test
the interdependency oficey variables in the algorithm. Table 8
summarises r obtained for £7 and related variables per year.

For convenience, |r| values >0.7 were mariced in bold in
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TABLES
Pearson correlation coefficients (r) between yeariy evapotranspiration (E7) (rows)
and variabies used in the M0D16 ET aigorithm (coiumns) (p<0.01)

Year ETvsPET ETvs SoilE ETVS Dry ETvs Wet ETvsT ETVS Tavg ETVS Tday ETvs VPD
SoilE SoilE
2000 -0.73 0.67 0.56 0.76 0.91 -0.43 -0.53 -0.77
2001 0.71 0.56 0.41 0.71 0.92 -0.43 -0.60 0.82
2002 -0.72 0.56 0.45 0.68 0.94 -0.58 -0.65 0.79
2003 -0.74 0.60 0.52 0.67 0.93 -0.42 -0.48 -0.74
2004 0.76 0.61 0.53 0.69 0.94 -0.48 -0.56 0.76
2005 -0.75 0.66 0.57 0.73 0.91 -0.60 -0.68 0.80
2006 -0.73 0.63 0.50 0.74 0.91 -0.38 -0.47 -0.77
2007 -0.73 0.62 0.53 0.72 0.92 -0.58 -0.65 0.80
2008 -0.73 0.65 0.56 0.73 0.89 -0.56 -0.65 0.80
2009 -0.72 0.65 0.55 0.72 0.91 -0.45 -0.54 -0.77
2010 -0.73 0.64 0.56 0.72 0.90 -0.46 -0.54 -0.74
2011 -0.68 0.59 0.49 0.70 0.91 -0.44 -0.53 0.79
2012 -0.72 0.60 0.50 0.71 0.91 -0.53 -0.58 -0.78

Table 8. This value was chosen arbitrarily to represent moderate
to high correlation between variables. Attempts to fitnon-
linear regression functions were made; however this did not
result in substantial increases of R\ Significance tests resulted
in probability values tending to 0 in ail cases due to the large
datasets and degrees of freedom (population number >100 000).
The effects oflarge sample sizes on the p-value were discussed
by Lin et al. (2003), who suggested procedures and guidelines to
overcome this problem.

it is evident from Table 8 that ET was driven by atmos-
pheric evaporative demand (PET) and strongly correlated to T
and VPD. Analysis by climatic regions indicated that this was
particularly true for winter rainfall and arid areas. Daytime
average temperature (7day) had higher r compared to Tavg
(exception was tropical wet climate). The correlations between
ET and Soil E were generally poor, with the exception ofsome
years in arid areas. Concerning the directions ofthe relations,
r was positive in the relations of ET to Soil E and T, an excep-
tion was the tropical wet climate where ET was negatively and
weaidy correlated to Soil E, possibly due to the effects of dense
vegetation and canopy cover under humid conditions. The cor-
relations between ET and climatic variables (PET, Tavg, Tday
and VPD) had variable strength and were negative, with the
exception ofthe tropical wet climate, where higher tempera-
tures resulted in higher ET in most years.

Examples of correlations between icey algorithm vari-
ables are shown in Fig. 4 for two distinct climatic regions
(tropical wet and arid to semi-arid) for a typical year (2009).
Evapotranspiration (ET) is weaidy driven by PET, particularly
under tropical wet conditions. The negative slope ofthe linear
regression indicates that ETis higher when the atmospheric
evaporative demand is lower (Figs 4a and b). The correlation
coefficient between ET and VPD was moderate in arid regions
(Fig. 4c) and weaic in the tropical climate (Fig. 4d). ffowever,
the direction of change was the same: higher VPD corre-
sponded to lower ET (Tanner and Sinclair, 1983). The VPD
derived from the global coarse-resolution (0.5°x0.66°) MERRA
meteorological data cannot always reflect small-scale (1 icm)
VPD variations. As aresult, small areas of wetland, springs or
irrigated cropland may cause splices in ET athigh VPD val-
ues especially in the arid and semi-arid region. For example,
this is visible in Fig. 4c at VPD ~ 3.25 icPa. Although outliers
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are visible in Figs 4c and d, the bulic ofthe data points are in
the lower part ofthe graphs. Similar relations were generally
observed for ET in relation to daily average and daytime tem -
perature (data not shown). Figures 4e to h show the relations
between ET and its components Soil E and T. The data distribu-
tion 0iET vs. Soil E has a fanshape: it is controlled by 7 in the
lowerrange of Soil E, whilst Soil E is usually the limiting factor
in the high range ofits values. The moderate R”in the arid cli-
mate (Fig. 4e) indicates that Soil E is an important component
of ET where vegetation is sparse and canopy cover is low. This is
not the case in the tropical climate (Fig. 4f), where alow  was
observed with anegative slope ofthe linear regression, indicat-
ing that, in predominantly dense vegetation, 7 is the main con-
trolling factor. Similar directions and relations were observed
between ET and the separate components of Dry Soil E and Wet
Soil E (data not shown). Amongst ail factors analysed, ET had
the strongest dependence on 7 (Figs 4g and h). The fanshape of
the data plot is visible for arid areas (Fig. 4g), where the ET is
controlled by Soil E in the lower range of 7. in areas with dense
vegetation, the R* ofthe linear regression between ET and T
was high and the fanshape ofthe data plot almost straightened
completely (Fig. 4h). The T'portion ofthe algorithm appears to
be suitable forhumid regions where E Tis limited by available
energy and stomatal resistance is regulated by air temperature
and VPD. However, in dry regions, additional controlling fac-
tors liice soil water supply play arole in the estimation 0iET
(Mu et al., 2007b).

CONCLUSIONS

Satellite Earth observations will be ofhuge importance in
avariety ofapplications in future. Remote sensing-based
methods have scope in routine applications for water and land
resource planning and management, as well as in scientific
research on physical, biogeochemical and ecological processes,
in this study, we presented a first evaluation ofMOD16 ET and
related products for South Africa.

Average ET in South Africa (2000-2012) was estimated
to be 303 mm-a' or 371.6 x 10®mm-a' (14% of PET and
67% ofrainfall), mainly in the form ofplant transpiration
(53%) and Soil E (39%). Direct evaporation from the vegeta-

tion canopy was aminor component of £T (9% on average).
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Figure 4
Linear regressions o fMODIS evapotranspiration (ET) vs. potentiai evapotranspiration (PET), vapour
pressure deficit (VPD), soii evaporation (Soii E) and transpiration (1) for arid and semi-arid region
(a, ¢, e, g) and tropicai wetciimate (b, d, f h) for a typicaiyear (2009).
Evapotranspiration showed a slight tendency to decrease over transpiration component. The highest PET values occurred in
the period 2000-2012 in all climatic regions except in the south the semi-arid and arid areas (2 457 mm-a' on average) and the
ofthe country (winter rainfall areas), although annual varia- lowest under tropical wet conditions (I 892 mm-a'). Inversely,
tions in ET resulted in the 13-year trends not being statistically the highest ET, Canopy E, Soil E and Twere under tropical con-
significant. Rainfall and atmospheric evaporative demand are ditions and the lowest in arid and semi-arid climate. Vapour
the main climatic variables driving ET and particularly its pressure deficit (VPD) is an important climatic variable in arid
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and winter rainfall areas. The relation 0iET to daytime aver-
age temperature generally had ahigher correlation coefficient
compared to Tavgin all climatic areas, except under tropical
conditions. Evapotranspiration (ET) is strongly dependent on
Tin all climatic regions, and occasionally on Seil E in dry areas
with sparse vegetation.

The MOD16 ET algorithm can be suitable to identify
temporal changes and for relative comparisons ofdata between
climatic regions. In absolute terms, MOD16 ET underestimated
ET by 15% for water balance closure at national scale. These
results, however, open up the opportunity to improve and test
the algorithm for ET estimation, by accounting for both atmos-
pheric demand limiting and soil water supply limiting condi-
tions in the next research phase. The relatively coarse resolution
of~1 km” pixels may have implications for applications in
restricted areas, especially in heterogeneous vegetation, land

use/cover and landscape.
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