Hindawi

The Scientific World Journal

Volume 2021, Article ID 8878631, 7 pages
https://doi.org/10.1155/2021/8878631

Hindawi

Research Article
Mapping Evapotranspiration of Agricultural Areas in Ghana

2 1
,23 Kofi Asare (,
1

Kenneth Aidoo (,! Nana Ama Browne Klutse
Comfort Gyasiwaa Botchway (»,' and Samuel Fosuhene

Remote Sensing and Climate Center, Ghana Space Science and Technology Institute, Accra, Ghana
Department of Physics, University of Ghana, Accra, Ghana
JAfrican Institute of Mathematical Sciences, Kigali, Rwanda

Correspondence should be addressed to Kenneth Aidoo; k.aidoo@gaecgh.org
Received 27 August 2020; Revised 26 March 2021; Accepted 30 March 2021; Published 19 April 2021
Academic Editor: Muhammad Altaf Khan

Copyright © 2021 Kenneth Aidoo et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Climate change is having an adverse effect on the environment especially in sub-Sahara Africa, where capacity for natural resource
management such as water is very low. The scope of the effect on land use types have to be estimated to inform proper remedy. A
combined estimation of transpiration and evaporation from plants and soil is critical to determine annual water requirement for
different land use. Evapotranspiration (ET) is a major component in the world hydrological cycle, and understanding its spatial
dimensions is critical in evaluating the effects it has on regional land use. A measure of this component is challenging due to
variation in rainfall and environmental changes. The mapping evapotranspiration with high resolution and internalized cali-
bration (METRIC) method is employed to create evapotranspiration map for land use, using remotely sensed data by satellite,
processed, and analyzed in ArcGIS. Normalized difference vegetation index (NDVI) was related to the availability of water for
vegetation on different land use, and the results indicate a high evapotranspiration for vegetated land use with high NDVI than

land use with low NDVIL.

1. Introduction

Accurate estimate of evapotranspiration (ET) in agricultural
communities in sub-Sahara Africa is important for the
prudent use of water resources for agricultural purposes and
the ever growing rural population [1]. ET being the sum of
water movement from both plants and the soil to the at-
mosphere is a critical factor in agricultural decision, if ag-
ricultural activities are to have a significant impact on the
economies of rural communities [2, 3]. But the ET as an
important component in the water cycle has numerous
challenges in its estimation, especially in the transitional
zone of Ghana where there is little or no estimation for the
agrarian communities to use in their water resources
planning and management.

There are few instrument stations, and for those that are
mounted, only a few are functioning. Coupled with the
obsolete nature of the instruments makes ET estimation
dare, and for that matter, the accuracy of the estimation is to
be doubtful. This, however, makes the transitional zone to be

the area with little or no ET research carried out. There is the
need for such information for effective agricultural practices
in the communities.

The functioning stations instrument can estimate ET at a
field scale and thus does not take into account the spatio-
temporal distribution at the regional scale, which covers the
surrounding farming communities [4, 5]. To overcome this
challenge, remote sensing means of estimating ET has become
the viable option, and over the past decades, several methods
have been developed to estimate ET at local, regional, and global
scale [6, 7]. Most of these models apply reflectance from re-
motely sensed imagery to compute ET as a residual of energy
balance at the earth’s surface [8-10].

Estimating ET with the surface energy balance algo-
rithm for land (SEBAL) method utilizes latent heat flux
from remotely sensed data to make a direct assessment of
actual ET. The approach of using remotely sensed data
stresses the need without prior information on the crop
and soil within the area of concern [11]. ET is thus de-
termined from remotely sensed imagery by estimating the
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energy consumed by the ET process as a residual of
surface energy.

On the basis of SEBAL, Allen et al. [8, 12] employed the
mapping evapotranspiration at high resolution with inter-
nalized calibration (METRIC) model which calibrates in-
ternally with ground-based reference ET to reduce the
inherent biases in the estimation of remotely sensed based
ET in unison with the traditional ET methods. The goal of
this study is to employ the METRIC model in estimating ET
in selected farming communities where there are func-
tioning ground base reference ET stations to aid in the
spatiotemporal estimation of ET distribution.

2. Methods

2.1. Study Area. 'The study area is a predominately farming
community and lies along Kintampo-Buipe road and stretches
from 8" 15 17°N, 1° 36’ 58”W at the lower left corner to 8° 41’
56”N, 1° 25’ 38”W at the upper right corner, respectively, as
shown in Figure 1. It is in the transitional zone and situated
between the savanna zone at the northern part of Ghana and the
forest zone in the south. The vegetation of the area ranges from
savanna forest in the northern part to much forested part in the
south. The climatic condition is relatively moderate with an
average annual temperature of 28°C and rainfall of 1345 mm.
The terrain is moderately flat with a fertile soil for whole range
of agricultural products.

2.2. Dataset. 'The data for the study came in two parts; the
Landsat 8 products provided by the United States Geological
Service (USGS) EROS Center and the packages contain all
the supporting files and were processed for top-of-atmo-
sphere (TOA) reflectance by using radiometric rescaling
coefficients with the product metadata file (MTL file). The
satellite imagery downloaded was in 2015, with one on
February 28 and the other on November 11, thus having
eight month interval to capture most of the farming ac-
tivities. These were carefully selected owning to the excessive
cloud cover in the study area throughout the year. A
recorded, daily ET from automatic weather stations in the
study area from Ghana Meteorological Agency in the same
year was collected and used as a reference ET for the
METRIC process.

2.3. Image Processing. From a remotely sensed data, cor-
rections were made for the atmosphere by computing top-
of-atmospheric (TOA) reflectance for the Landsat 8 imagery.
Image classification was performed, taken into account five
distinctively known land use type samples from the scene to
classify the entire image of the study area, and normalized
difference vegetation index (NDVI) was subsequently
computed from the corrected reflectance image.
Thus,
P2 -P1

NDVI = ,
P2 +P1

1

where P, is the corrected reflectance in the near-infrared
band 5, and P, is the corrected reflectance in the red band 4.
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Mapping evapotranspiration at high resolution with
internalized calibration (METRIC) is an image-processing
approach for computing instantaneous evapotranspiration
(ET) as a residual of the energy balance equation [8, 12].

LE=R,-G-H, (2)

where LE is the latent heat flux (W m™2), R, is the net
radiation (W m?), G is the soil heat flux (W m2), and H is
the sensible heat flux (W m™).

Net radiation (R,,) is the net of radiation at the surface. It
is calculated by the difference of all the outgoing radiation
from all the incoming radiation and expressed in the surface
balance equation.

R, =Ry —aRy + Ry + Ry —(1-¢)Ry, (3)
where R is the incoming short-wave radiation (W m7), a
is the surface albedo (dlmensmnless) Ry is the incoming
long-wave radiation (W m™?), R;; is the outgoing long-wave
radiation (W m™), g, is the surface thermal emissivity
(dimensionless), and (1 —&0)R; is the component of the
fraction of incoming long-wave radiation.

Soil heat flux (G) is the amount of heat flux that is stored
or released into the soil. This was determined by the ex-
pression described by [13]

—0.521LAI

G
2 = 0.05+0.18¢ LAI>0.5, (4a)

n

G 1.80(T, - 273.15)
o +0.084 LAI<0.5,  (4b)
R, R,

where LAI is the leaf area index.

Sensible heat flux (H) being the rate at which heat loss by
air through convection and conduction as results of tem-
perature difference is expressed by aerodynamic function.

dT
H=p,;C,—, 5
palr Prah ( )
where p,;, is the air density (kg m ) C, is the specific heat
of air at constant pressure (J kg 'K ™), dT is the temperature
difference between two heights z; (0.1 m) and z, (2 m), and
7. is the aerodynamic resistance to heat transfer (s m™").

The METRIC approach made use of internal calibration
of extreme pixels of dry soil and well-irrigated agricultural
fields to estimate instantaneous ET. This approach dimin-
ishes the possibility of impact of biases in the estimation of
roughness and aerodynamic stability correction. The latent
heat (LE) value is then used to compute instantaneous ET for
each pixel in the image.

LE
ET,,, = 3600x o (6)
where ET;, is the instantaneous ET at the satellite overpass
(mm h™), 3600 is the conversion factor from seconds to
hours, LE is the latent heat flux (W m™2) from equation (2), A
is the latent heat of vaporization = 2.26 106 (J kg_l), and pw is
the density of water (1000kg m™).
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FIGURE 1: Study area.

Reference ET fraction (ETg,.) also known as crop co-
efficient (K,) was computed using ET,, for each pixel and
hourly reference evapotranspiration (ET,) acquired from
weather data locally.

ET _ ETinst (7)
frac = ETO .
The daily actual evapotranspiration (ET,,) was ulti-
mately calculated by the following expression:

ET24 = ETfrac X ETr> (8)

where ET,, is the actual evapotranspiration for the 24-hour
period (mm day '), ET,. is from equation (7), and ET, is
the daily reference evapotranspiration (mm day ).

Monthly and seasonal ET is derived by interpolating
ETjc values between images on daily basis and multiplying
with ET, for each day and integrates over a specific month.
The ETj,, values from interpolation are derived by the use of
spline functions, and a good cloud-free satellite image per
month is ideal to determine seasonal ETg,. for an entire
seasonal ET estimate [12, 14]. The accumulated ET for any
given time is calculated as

ETt = Z (ETfraci) (ETri)’ (9)

=m

where ET, (mm day’l) is the cumulative ET for a given time
frame, starting with day m and ending with day n. ETg,; is
the interpolate value of ETg,. for day I, and ET,; (mm day ")
is the 24-hour ET for day i.

Daily evapotranspiration from two weather stations
in the study area was collated to represent the area as a
reference evapotranspiration and subsequently applied to
the reference ET fraction (ETf,.) to ultimately estimate

the evapotranspiration for the entire area. These reference
ET values were computed using weather datasets and
applying Penman-Monteith (PM) equation.

_ 0.408A (R, — G) +y(900/T +273)U, (es — ea)

ET
© A+y(1+0.3402)

(10)

where ET, is the reference evapotranspiration (mm day "),
R, is the net radiation at the crop surface (MJ m™> day '), G
is the soil heat flux density (M] m™ dayfl), T is the mean
daily air temperature at 2 m height (°C), U, is the wind speed
at 2m height (m s™"), es is the saturation vapour pressure
(kPa), ea is the actual vapour pressure (kPa), es —ea is the
saturation vapour pressure deficit (kPa), A slope is the va-
pour pressure curve (kPa °C™"), and y is the psychrometric
constant (kPa °C™).

3. Results

Spatial and temporal distribution of evapotranspiration in
five land use classes with their corresponding normalized
difference vegetation index for each of the satellite imagery
was analyzed. It indicates that evapotranspiration is directly
proportional to the normalized difference vegetation index.
The results presented in Figure 2 indicate varying values for
both evapotranspiration and NDVI for different land use
classes, and these values were found to be relatively low in
February, with ranges 0.9982-1.8819 and 0.1183-0.2519,
respectively, as given in Table 1.

The results presented in Figure 3 are found to have
equally varying values for evapotranspiration and NDVI for
the selected land use classes, and these values were higher in
November as given in Table 2 with ranges of 1.2229-2.9180
and 0.1539-0.5660, respectively. When evapotranspiration



4 The Scientific World Journal
EVAPOTRAN SPIRATION
N
i ] i A i
i i i i
i i i ]
I = HE = e
FIGURE 2: Evapotranspiration and normalized difference vegetation index map for 28/02/2015.

TaBLE 1: ET and NDVI values in February. TaBLE 2: ET and NDVI values in November.
Classname ET NDVI Classname ET NDVI
Savanna 1.8819 0.2519 Savanna 2.9180 0.5660
Farm 1.7050 0.2338 Farm 2.7763 0.5498
Settlement 1.7665 0.2390 Settlement 2.6090 0.5067
Unclear 1.6426 0.2316 Unclear 2.4920 0.5010
Water 0.9982 0.1183 Water 1.2295 0.1539

was plotted against normalized difference vegetation index
(NDVI) for land use in Figure 4, a strong correlation of
the ET and the normalized difference vegetation index
(Pearson correlation = 0.9929768, t = 14.537, df = 3, p value =
0.0007058) was found.

Also, for evapotranspiration plot against normalized
difference vegetation index (NDVI) for land use classes
presented in Figure 5, the trend continues with ET showing a
strong correlation with NDVI (Pearson correlation =
0.9959783, t=19.254, df =3, p value=0.000306).

The plot indicating monthly evapotranspiration com-
parison in Figure 6 indicates average monthly evapotrans-
piration for November in respective land use classes and also
given in Table 3 are higher than that of February.

4. Discussion

This study used METRIC technique to investigate the
pattern of evapotranspiration in different land use and
the corresponding effects other indicator contributes. As
was indicated, spatiotemporal distribution of evapo-
transpiration increases strongly with normalized differ-
ence vegetation index (NDVI) in different land uses.
Thus, land use with most vegetation cover shown in
Figure 2 seems to have higher values for both evapo-
transpiration and normalized difference vegetation in-
dex. These findings are consistent with studies [15-18]

which suggest high correlation of evapotranspiration and
normalized difference vegetation index (NDVI).

The results also indicated higher values for both NDVI
and evapotranspiration for daily and monthly comparison
for November. This was due to the fact that February
happens to be in the dry season, and as a result, the soil
moisture content is relatively low. Although, a compre-
hension of the effect of reducing soil moisture on the
vegetation cover, and for that matter, NDVI is of impor-
tance. As indicated in an earlier discussion, NDVI correlates
well with ET, which happens to be proportional to water
vaporized into the atmosphere [17-19]. The higher values
tor ETand NDVI in November was due to the fact that rains
usually stop at the end of October to early November, and as
such, the soil moisture was relatively high and for that
matter high values.

The results present evapotranspiration in respective
land use class which is fundamental in getting accurate
ET for water planning for agricultural purposes in re-
spective farming communities and also for identifying
particular land use for conversion. It aids in getting
accurate water requirement for crops in different parts of
the study area as against generalizing the entire area to
have a specific ET. This finding is consistent with other
studies where ET from specific fields were extracted from
satellite imagery [15, 20, 21]. The result also indicates the
growth stage of vegetation in land use type like farm,
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FIGURE 3: Evapotranspiration and normalized difference vegetation index map for 11/11/2015.
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FIGURE 4: Scatter plot of ET against NDVI in February.
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FIGURE 6: Monthly evapotranspiration.
TaBLE 3: Monthly evapotranspiration values.

Classname ET_Nov ET_FEB
Savanna 87.5395 52.6925
Farm 83.2897 47.7395
Settlement 78.2715 49.4619
Unclear 74.7590 45.9916
Water 36.8841 27.9483

where high ET in November corresponds to high crop
water demand for vegetable crops in their mid-season.
The ET maps presented therefore highlight the variability
in the crop water demand during the growing season.

The significant difference in values of ET for water be-
tween the month of November and February was attributed
to increasing water plants growing in the water bodies in
November thus visible in the imagery.

5. Conclusion

The objective was to produce ET applying the METRIC
model at a high resolution considering the sparsely
ground weather stations to monitor ET on a large scale. In
this research, remote sensing-based ET is produced to
extract ET in respective land use in the study area. It is the
first of its kind to provide ET data for land use in the
location with such spatiotemporal resolution. Thus, the
estimated ET is expected to contribute to understanding
of crop water requirement in respective farming com-
munities for sustainable water management.

The strong correlation between estimated ET and nor-
malized difference vegetation index for different land use
takes into account the spatiotemporal distribution of the
effect that makes the METRIC model ideal for large scale
monitoring.

Data Availability

The weather data used to support the findings of this study
may be released upon request to the Ghana Meteorological
Agency, and the Landsat 8 Imagery was downloaded from
the website of the United States Geological Service (USGS)
EROS Center.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to show their appreciation to Applied
Geoinformatics for Society and Environment 10™ Inter-
national Summer School and Conference, 11-14 September
2019, for the opportunity given to them to present what they
have being researching on.

References

[1] R. Kumar, S. Shambhavi, R. Kumar, Y. K. Singh, and
K. S. Rawat, “Evapotranspiration mapping for agricultural
water management: an overview,” Journal of Applied and
Natural Science, vol. 5, no. 2, pp. 522-534, 2013.

[2] M. V. Mdemu, M. D. Magayane, B. Lankford, N. Hatibu,
M. Reuben, and J. Kadigi, “Conjoining rainfall and irrigation



The Scientific World Journal

(10]

(11]

[12

(13]

(14]

(15]

(16]

(17]

(18]

seasonality to enhance productivity of water in rice irrigated
farms in the upper Ruaha river basin, Tanzania,” Physics and
Chemistry of the Earth, vol. 29, no. 15-18, pp. 1119-1124, 2004.
Y. M. Wang, S. Traore, and T. Kerh, “Applying evapotrans-
piration reference model and rainfall contribution index for
agricultural water management plan in Burkina Faso,” African
Journal of Agricultural Research, vol. 4, no. 12, pp. 1493-1504,
2009.

B. G. Bezerra, C. Antonio, B. Barbosa et al., “Comissdo 2. 2-
fisica do solo estimation of soil moisture in the ROOT-ZONE
from remote sensing data (1),” no. 1, pp. 596-603, 2013.

Y. Gao, D. Long, and Z. L. Li, “Estimation of daily actual
evapotranspiration from remotely sensed data under complex
terrain over the upper chao river basin in north China,”
International Journal of Remote Sensing, vol. 29, no. 11, 2008.
B. G. Bezerra, B. B. Silva, C. A. C. Santos, and J. R. C. Bezerra,
“Actual evapotranspiration estimation using remote sensing:
comparison of SEBAL and SSEB approaches,” Advances in
Remote Sensing, vol. 4, no. 3, pp. 234-247, 2015.

B. Kamble, A. Irmak, K. Hubbard, and P. Gowda, “Irrigation
scheduling using remote sensing data assimilation approach,”
Advances in Remote Sensing, vol. 2, no. 3, pp. 258-268, 2013.
R. G. Allen, B. Burnett, W. Kramber et al, “Automated
calibration of the METRIC-landsat evapotranspiration pro-
cess,” JAWRA Journal of the American Water Resources As-
sociation, vol. 49, no. 3, pp. 563-576, 2013.

W. G. M. Bastiaanssen, “SEBAL-based sensible and latent heat
fluxes in the irrigated gediz basin, Turkey,” Journal of Hy-
drology, vol. 229, no. 1-2, pp. 87-100, 2000.

G. J. Roerink, Z. Su, and M. Menenti, “S-SEBI: a simple re-
mote sensing Algorithm to estimate the surface energy bal-
ance,” Physics and Chemistry of the Earth, Part B: Hydrology,
Oceans and Atmosphere, vol. 25, no. 2, pp. 147-157, 2000.
W. G. Bastiaanssen, E. J. Noordman, H. Pelgrum, G. Davids,
B. Thoreson, and R. G. Allen, “SEBAL model with remotely
sensed data to improve water-resources management under
actual field conditions,” Journal of Irrigation and Drainage
Engineering, vol. 131, no. 1, p. 2, 2005.

R. G. Allen, M. Tasumi, A. Morse et al., “Satellite-based energy
balance for mapping evapotranspiration with internalized
calibration (METRIC)-Applications,” Journal of Irrigation
and Drainage Engineering, vol. 133, no. 4, pp. 395-406, 2007.
M. Tasumi, Progress in Operational Estimation of Regional
Evapotranspiration Using Satellite Imagery, University of
Idaho, Moscow, ID, USA, 2003.

J. L. Wright, “New evapotranspiration crop coefficients,”
Journal of the Irrigation and Drainage Division, vol. 108, no. 1,
pp. 57-74, 1982.

R. He, Y. Jin, M. M. Kandelous et al., “Evapotranspiration
estimate over an almond orchard using landsat satellite ob-
servations,” Remote Sensing, vol. 9, no. 5, pp. 1-21, 2017.
M. Islam and M. Islam Mamun, “Variations of NDVI and its
association with rainfall and evapotranspiration over Ban-
gladesh,” Rajshahi University Journal of Science & Engineering
ISSN, vol. 43, pp. 2309-2952, 2015.

L. Menenti, R. C. Dos Santos Alvala, N. J. Ferreira, and
J. Tomasella, “Evapotranspiration estimation in the Brazil
using NDVTI data,” Proceedings of the SPIE, vol. 1, pp. 377-385,
2005.

P. M. Seevers and R. W. Ottmann, “Evapotranspiration es-
timation using a normalized difference vegetation index
transformation of satellite data,” Hydrological Sciences Jour-
nal, vol. 39, no. 4, pp. 333-345, 1994.

(19]

(20]

(21]

Y. H. Kerr, J. Imbernon, G. Dedieu, O. Hautecoeur,
J. P. Lagouarde, and B. Seguin, “NOAA AVHRR and its uses
for rainfall and evapotranspiration monitoring,” International
Journal of Remote Sensing, vol. 10, no. 4-5, pp. 847-854, 1989.
A. Reyes-Gonziélez, J. Kjaersgaard, T. Trooien, C. Hay, and
L. Ahiablame, “Comparative analysis of METRIC model and
atmometer methods for estimating actual evapotranspira-
tion,” International Journal of Agronomy, vol. 2017, Article ID
3632501, 16 pages, 2017.

M. Tasumi, “Estimating evapotranspiration using METRIC
model and landsat data for better understandings of regional
hydrology in the western Urmia lake basin,” Agricultural
Water Management, vol. 226, pp. 1-11, 2019.



