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Data from NASA Power and
surface weather stations under
different climates on reference
evapotranspiration estimation

Abstract — The objective of this work was to evaluate the data estimated
by NASA Power in relation to that measured at surface weather stations
under different climates, and to verify the effects of these data on reference
evapotranspiration (ETo) estimation. For comparison, data measured at 21
surface weather stations, located in Brazil, Israel, Australia, Portugal, and the
United States of America were used, representing different Kdppen climate
types. The following climatic variables were analyzed daily: maximum (T ),
mean (Tyen), and minimum (T,;,) air temperatures; wind speed; incident
solar radiation; and mean relative humidity (RHe.). Wind speed showed
the highest variations and was overestimated in the Cfb, BWh, BSh, and Cfa
climates. Ty, and mean wind speed were estimated accurately in the Csa
and BWh climates, whereas T,,, and T,;, were underestimated in 13 and 9
climates, respectively; Ty, did not show adequate results in tropical climates.
Incident solar radiation was overestimated in all climates, except in BSh, but
presented the best statistical indicators among the analyzed variables. The
scenarios in which ETo was estimated using the Penman-Monteith method
and data from NASA Power were consistent even for the climate type that
presented the worst association between measured and estimated data.

Index terms: alternative sources, climate data, reanalysis products.

Dados da Nasa Power e de estagoes
meteorolégicas de superficie em diferentes climas
na estimativa da evapotranspiracao de referéncia

Resumo — O objetivo deste trabalho foi avaliar os dados estimados pela Nasa
Power em relagdo aos medidos em estagdes meteoroldgicas de superficie,
em diferentes climas, e verificar os efeitos destes dados na estimativa da
evapotranspira¢do de referéncia (ETo). Para comparagdo, foram utilizados
dados medidos em 21 estagdes meteorologicas de superficie, localizadas no
Brasil, em Israel, na Australia, em Portugal e nos Estados Unidos da América,
representando diferentes tipos climaticos de acordo com Koppen. As seguintes
variaveis climaticas foram analisadas diariamente: temperaturas maxima
(Taay), média (Teq) € minima (T,,;,) do ar; velocidade do vento; radiagdo solar
incidente; e umidade relativa média do ar (UR,¢). A velocidade do vento
apresentou as maiores variagdes e foi superestimada nos climas Cfb, BWh,
BShe Cfa. A T, ¢ a velocidade média do vento foram estimadas com precisao
nos climas Csa ¢ BWh, enquanto a Ty € a Ty, foram subestimadas em 13 e
9 climas, respectivamente; a Ty, ndo apresentou resultados satisfatorios nos
climas tropicais. Ja a radiacdo solar incidente foi superestimada em todos os
climas, exceto no BSh, mas apresentou os melhores indicadores estatisticos
entre as variaveis analisadas. Os cenarios em que a ETo foi estimada com o
método Penman-Monteith e os dados da Nasa Power foram consistentes até
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para o tipo climatico que apresentou a pior associagdo entre
dados medidos e estimados.

Termos para indexacdo: fontes alternativas, dados
climaticos, produtos de reanalise.
Introduction
Although climate databases have improved

substantially in recent decades, most countries,
especially the developing ones, still suffer from
shortages in meteorological data measured at surface
weather stations (Aboelkhair et al., 2019). In this
scenario, synthetic meteorological data provided
by satellite have become a promising alternative for
obtaining long and continuous data series, which can
be used to compensate for insufficient measurement
observations (Aboelkhair et al., 2019; Rodrigues &
Braga, 2021b).

Atmospheric and sea surface observations can
be used to provide long-term series of atmospheric
and land surface variables through the reanalysis
approach, in which numerical weather prediction
models are simulated based on meteorological
observations (Sheffield et al., 2006; Rodrigues &
Braga, 2021b). Among the several reanalysis datasets
used as sources for climate information, the National
Aeronautics and Space Administration Prediction
of Worldwide Energy Resources (NASA Power) has
been recently highlighted. The platform provides data
on several climatic variables related to solar fluxes,
air temperature, relative humidity, precipitation, wind
speed and direction, and soil-related parameters,
such as surface and root-zone wetness and soil
profile moisture (NASA, 2022). The used solar and
meteorological data sets are from research carried out
by NASA to support renewable energy, build energy
efficiency, and meet agricultural needs, based on
MERR A-2 satellite observations (GMAO, 2015).

By registering a point based on latitude and
longitude coordinates in the NASA Power platform
(NASA, 2022), the user is able to easily access
information on any location worldwide, provided on
a global grid with a spatial resolution of 1° latitude by
1° longitude for radiation datasets and 0.5° latitude
by 0.625° longitude for other meteorological datasets
(Stackhouse Jr., 2020). The data can be obtained on an
hourly, daily, monthly, and annual time scale from 1980
to the present, being, therefore, sufficiently accurate
for reliable solar and meteorological measurements
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(Marzouk, 2021). This data availability facilitates and
speeds up the performance of technical and scientific
studies that require climatic data.

In the literature, most satellite reanalysis data are on
solar radiation (Quansah et al., 2022), air temperature
(Bender & Sentelhas, 2018; Aboelkhair et al., 2019),
and reference evapotranspiration estimated by the
Penman-Monteith method (Negm et al., 2017; Ndiaye
et al., 2020). However, few studies, such as those of
Rodrigues & Braga (2021b) and Monteiro et al. (2018),
carried out in Portugal and Brazil, respectively,
compare the performance of data from NASA Power
with that of those measured at surface weather stations
under different climatic conditions worldwide.

The objective of this work was to evaluate the data
estimated by NASA Power in relation to that measured
at surface weather stations under different climates,
and to verify the effects of these data on reference
evapotranspiration (ETo) estimation.

Materials and Methods

Data from NASA Power (NASA, 2022) were
compared with those from surface weather stations
of Instituto Nacional de Meteorologia (INMET) in
Brazil, Soil Conservation and Drainage Department
(SCDD) in Israel, Bureau of Meteorology (BOM) in
Australia, Instituto Portugués do Mar e Atmosfera
(IPMA) in Portugal, and National Oceanic and
Atmospheric Administration (NOAA) in the United
States of America. The NASA dataset was collected
on a daily scale according to the latitude and longitude
of 21 locations, representative of the main climate
types in Brazil, Israel, Australia, Portugal, and the
United States (Table 1) according to Koppen’s climate
classification (Alvares et al., 2013).

The analyzed variables were: maximum (T, °C)
and minimum (T,,;,, °C) air temperatures, wind speed
(u, m s), incident solar radiation (Rs, MJ m? per
day), and mean relative humidity (RH yean, %) recorded
at INMET (2022); mean air temperature (Tyeun, °C),
U, Rs, and RH, .., at SCDD (2022) and BOM (2022);
Tmax and Ty, at IPMA (2022); and Tiax, Tiin, and u, at
NOAA (2022). Some locations that presented RH,can
data (%) from NOAA were also analyzed (Table 1).

The used data were provided on a daily scale at
SCDD, IPMA, and NOAA, but on an hourly scale at
INMET and BOM. Therefore, the values estimated
at the two latter stations were converted into daily
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periodicity for the following variables: RH and u,,
by averaging hourly values; Rs, by summing hourly
values, generally recorded between 09:00 and 23:00
hours (UTC) according to the climate types; and T
and T, by considering their magnitude over the daily
period.

The period of analysis was from 1/1/2017 to
12/31/2017 for all weather stations of INMET, SCDD,
IPMA, and NOAA, except for the one in the Aleknagik
site, in Alaska, belonging to NOAA, for which it was
from 1/1/2020 to 12/31/2020 due to the unavailability
of data for previous periods. For the BOM station, the
period was from 7/31/2021 to 6/21/2022. Considering
the unavailability or restriction of data in the databases,
the analyzed series was restricted to one year. In
addition, not all climate types (i.e., Cfc, Cwc, Dfd,
Dsa, Dsd, Dwa, Dwb, Dwc, Dwd, and EF) covered
by Kdppen’s climate classification were analyzed due
to data unavailability at the surface weather station
or to the low quantity and quality of available data.

For the equivalent latitude and longitude of each
analyzed climate, the same variables and periods
were considered when using the NASA Power dataset
(Table 1).

To evaluate the applicability of NASA Power data,
scenarios were proposed to calculate ETo using the
values of Thax, Tmin, U2, RS, and RH estimated by this
database and measured at the surface weather stations.
The adopted criterion were data from locations that
presented the best and worst results, according to
statistical indicators, for one or more of the climatic
variables required by the standard Penman-Monteith
method, chosen to calculate ETo (mm per day) in the
present study, using the following equation presented
by the American Society of Civil Engineers (Allen et
al., 2005):

0.408-A-(Rn—G)+y-—200
(T+273)
A+vy-(1+0.34-u,)

‘u, -(es—ea)
ETo =

Table 1. Climate type according to Kdppen’s classification, location and geographical coordinates of the surface weather

stations, and analyzed variables.

Climate type Location” Latitude Longitude Altitude Analyzed variable®
---------- degrees -------- (m)
Af S3o Gabriel da Cachoeira-BRA -0.12 -67.06 79.67 Tomax> Trins Uz, RS, RH
Am Sao Félix do Xingu-BRA -6.64 -51.96 211.00 Tnaxs Tomins U2, RS, RH
Aw Diandpolis-BRA -11.59 -46.85 727.87 Toaxs Timins U2, Rs, RH
As Surubim-BRA -7.85 -35.75 394.00 Tomaxs Tiin, U2, RS, RH
BWh Kadesh Barnea-ISR 30.90 34.39 235.00 Toneans Uz, Rs, RH
BWk Las Vegas-USA 36.21 -115.20 671.47 Tonaxs Tinins Uz
BSh Nirim-ISR 31.33 34.39 115.00 Tonean> Uz, RS, RH
BSk Lancaster-USA 34.74 -118.21 712.62 Tomaxs Tinin, U2, RH
Cfa Santa Rosa-BRA -27.89 -54.48 272.84 Thaxs Timins U2, Rs, RH
Cfa Saint George-AUS -28.05 148.60 198.5 Toneans U2, RS, RH
Cfb Cagador-BRA -26.82 -50.99 944.26 Tnaxs Tonins U2, RS, RH
Csa Nazareth-ISR 32.69 35.33 140.00 Tomean, U2, Rs, RH
Csa Lisbon-POR 38.72 -9.15 77.00 Tnax> Trmin
Csb Portland-USA 45.54 -122.95 62.18 Tonaxs Tonins Uz
Cwa Araxa-BRA -19.61 -46.95 1,018.32 Tnaxs Tonins U2, RS, RH
Cwb Diamantina-BRA -18.23 -43.65 1,359.25 Tomaxs Tiin, U2, RS, RH
Dfa Burlington-USA 40.78 91.12 210.92 Toaxs Tiin, U2, RH
Dfb Bismarck-USA 46.78 -100.76 503.22 Tonax> Tomins Uz, RH
Dfc Aleknagik-USA 59.28 -158.61 24.38 Tinaxs Tonin
Dsb Spokane-USA 47.68 -117.32 595.27 Tnaxs Tinins Ua
Dsc Anchorage-USA 61.18 -149.97 27.43 Thaxs Tiin, Uz, RH
ET Barrow-USA 71.28 -156.78 9.45 Tonaxs Tomins Uz, RH

(MBRA, Brazil; ISR, Israel; USA, United States of America; AUS, Australia; and POR, Portugal. Weather stations of: Instituto Nacional de Meteorologia
in Brazil, Soil Conservation and Drainage Department in Israel, National Oceanic and Atmospheric Administration station in the United States, Bureau
of Meteorology in Australia, and Instituto Portugués do Mar e Atmosfera in Portugal. @T,,,,, maximum air temperature; Ty,;,, minimum air temperature;
Thean, Mean air temperature; u,, wind speed; Rs, incident solar radiation; and RH, mean relative humidity.
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where A is the slope vapor pressure curve (kPa °C");
Rn is the net radiation at crop surface (MJ m? per
day); G is the soil heat flux density (MJ m? per day);
y is the psychrometric constant (kPa °C™'); T is the
mean daily air temperature at a 2.0 m height (°C); u,
is the wind speed at a 2.0 m height (m s); es is the
saturation vapor pressure (kPa); and ea is the actual
vapor pressure (kPa).

The ea was calculated using the RH,,.., due to the
unavailability of RH,,,, and RH,,;, data in the databases
as recommended by Paredes & Pereira (2019). For this,
the following equation of Allen et al. (2005) was used:

RH

mean

50 N 50
es(Te ) es(Tc )

€a =

where es(T.. ) and es(T. ) are the saturation
pressure (kPa) calculated as a function of the minimum
and maximum air temperatures, respectively; and
RH,can 1S the mean relative humidity of the air observed
on the day (%).

NASA Power data in relation to those measured at
the surface weather stations and the ETo estimated
with the reanalyzed climatic data were evaluated
based on linear regression analyses and the following
statistical indicators: mean absolute error (MAE),
root mean square error (RMSE), index of agreement
(d), Pearson’s correlation coefficient (r), and the
Nash-Sutcliffe coefficient (Nash & Sutcliffe, 1970).
The analyses were performed using the hydroGOF
package of the RStudio software (Zambrano-
Bigiarini, 2020).

Results and Discussion

The highest discrepancies between data from
NASA Power and the surface stations were found
for u,, which presented an expressive overestimation
mainly in the Cfb climate (Table 2). Apparently, the
u, values were recorded incorrectly at the INMET
station under this climate during the experimental
period, since they differed significantly from those
found by Santos et al. (2021) when evaluating the
average seasonal trend of the climatic variables of ten
surface stations in Cfb climate regions in the state of
Parana, Brazil.

In relation to NASA Power data, the u, variable was
also overestimated in the As, BWh, BSh, Cfa (only
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at the INMET station), Cwa, and Cwb climates, but
underestimated in the Af, Am, Aw, BWk, BSk, Cfa
(only at the BOM station), Csa, Csb, Dfa, Dfb, Dsb,
Dsc, and ET climates. The lowest underestimation was
observed in the Am climate, in which the mean value of
u, estimated by satellite was lower than that measured
at the surface weather station. Using the alternative
Moretti-Jerszurki-Silva method to estimate ETo in
different Brazilian climatic zones from 2004 to 2014,
Jerszurki et al. (2017) found an annual u, mean of 1.98
m s’ for the Am climate, close to the measured value
analyzed in the present study. The highest similarities
between measured and estimated u, values occurred
in the Aw, Cwb, Cwa, and BSh climates. Specifically
in BSh, the u, value was 2.17 m s™, similar to that of
2.28 m s reported by Jerszurki et al. (2017). When
u, values are inconsistent and cause doubts as to their
accuracy, ETo should be estimated using alternative
methods, such as that of Hargreaves-Samani, which do
not consider u, as an input in the equation and, at the
same time, present results equivalent to those obtained
with the Penman-Monteith method.

The Tnn In the BWh, BSh, Cfa, and Csa
climates showed the smallest deviation in relation
to the measured data (Table 2). This variable was
underestimated in 0.05% in Csa and overestimated in
1.46% in BWh, indicating that the observed differences
were insignificant and did not affect the accuracy of
the NASA Power dataset regarding temperature in
these sites. Similar results were found by Aboelkhair
et al. (2019) for T,,c., when evaluating To.x, Tinins Timeans
dew point temperature, and RH data from 20 surface
weather stations in Egypt, on a monthly scale, in the
period from 1983 to 2006, predominantly in the BWh
climate. Likewise, Marzouk (2021), analyzing Ten,
RH, atmospheric pressure, and daily precipitation data
from NASA Power, also in the BWh climate, observed
that T,... showed a better agreement between the
analyzed variables, indicating the reliability of the data
set for this variable.

In relation to NASA Power data, Rs was
overestimated in all sites, except in the As and BSh
climates, showing the highest discrepancy of 109.33%
under the Cfa climate in Saint George, Australia.
Apparently, the data records at this weather station
presented some error since the Rs measured for the
same climate at the INMET station was 17.09 MJ
m? per day, similar to that of 17.01 MJ m? per day
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reported by Jerszurki et al. (2017), also using INMET
data collected under the Cfa climate in Brazil.
According to the wused statistical indicators
(Table 3), the best fits between estimated and
measured data occurred for T,,,, in the Dfa, Dfb, Dfc,
Dsb, and Dsc continental climates. This variable also
showed good fits in the ET polar climate and was
suitable for the BWk and BSk semi-arid climates. The
BWk and BSh climates are located, respectively, in
Kadesh Barnea and Nirim, Israel, within the latitude
and longitude limits of 30° north latitude (area
predominantly influenced by the Mediterranean Sea)

and 30° west longitude. In these latitude and longitude
conditions, Aboelkhair et al. (2019) found that NASA
Power accurately simulates T,,., as observed in the
present study (Table 1).

Good fits were also found for T,,;, in continental and
polar climates. Furthermore, this variable also showed
good statistical indicators in the BWk and BSk semi-
arid climates and the Cfa (at INMET), Cfb, Csa, Csb,
Cwa, and Cwb humid subtropical climates. However,
Twin did not present satisfactory results in the Af, Am,
and Aw tropical climates (Table 3).

Table 2. Annual averages of estimated (E) and observed (O) climatic variables", with respective percentage of over-® and

underestimation®.

Climate RH s (%) us (m's) T (°C) Ty (°C) T (°C) Rs (MJ m? per day)
type® 0 E %) 0 E (%) 0 E (%) 0 E (%) o E (%) 0 E (%)
Af 8567 9172 7077 059 016 27009 3128 2850 9779  —  — 2306 2340 1460 1509 1672 10.810
Am 7850 7535 4199 126 0.3 86479 3265 3128 4379  — 2197 2233 168" 1785 1842 3200
As 7241 7788 7559 156 346 12109 3050 30.13 1230  —  — 2058 2048 0.820 2001 19.53 2.480
Aw 5848 5601 4420 227 225 080 3084 3284 6460 —  — 2040 2139 486 2013 2064 2.56"
BWh  59.63 6278 528% 174 235 3479  — 1969 1997 1469 —  —  — 2006 2162 7.73%
BWk 805 268 20079 27.60 27.96 133  — 1547 1392 1L10V —  —
BSh 7265 6779 7070 217 252 1620 —  — 1995 2129 6719 —  — 2043 1972 3.600
BSk 4087 4700 14980 1108 223 39599 2608 2581 1069 —  —  — 942 1086 15220 —  —
Cfal 5538 5866 5929 470 293 6020  —  —  — 20155 2092 3049 —  —  — 965 2020 1093
Cfe 7404 83.02 12130 130 200 5399 2727 2549 6969 —  — 1538 1446 6330 17.00 17.33 1400
o 7727 8384 850 013 155 110989 2362 2297 283  —  — 1239 1226 1.020 13.03 1547 1876
Csa! 5721 57.63 0739 170 093 8269 —  —  — 2070 2069 005 —  —  — 1823 2003 9.86"
Csa - - - 237 1920 16499 —  —  — 1410 1457 3.300 -
Csb 506 061 73039 1710 1449 18039 —  —  — 571 56 150  —
Cwa 6236 6810 9.9 207 230 1139 2772 2783 0419 —  — 1708 1599 6799 1888 1923 1.8
Cwb 7351 6739 9089 251 274 969 2371 2772 1693 —  — 1444 1547 7049 1817 1834 0920
Dfa 7145 7026 1689 863 328 16309 1720 1746 1519 —  — 68 660 4070 —  —
Dfb 6543 6507 0550 904 359 15150 1365 1280 6650  —  — 042 137 222440 —
Dfc - - - 544 281 93389  — 248 -416 40349 —  —
Dsb 433197 12000 1535 1323 15999 409 266 53730  —  —
Dsc 7557 8605 13860 510 176 18959 627 397 57820 —  —  — 055 094 41219 —  —
ET 83.61 9326 11540 1346 537 15079 -486 -555 12510 —  —  —  _1035 -818 20970 —  —

(R H,,can, mean relative humidity; u,, wind speed; T, maximum air temperature; Ty, mean air temperature; T,,;,, minimum air temperature; and Rs,
incident solar radiation. @Cfa', Cfa?, Csa', and Csa’ in the weather stations of Bureau of Meteorology in Australia, Instituto Nacional de Meteorologia in
Brazil, Soil Conservation and Drainage Department in Israel, and Instituto Portugués do Mar e Atmosfera in Portugal, respectively.
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Table 3. Statistical indicators of associations between the estimated and observed Képpen climate type variables.

Climate type®

Indica-
tor® Af  Am Aw As BWh BWk BSh BSk Cfal Cf@ Cfb Csa' Csa Csb Cwa Cwb Dfa Dfb Dfc Dsb Dsc ET
Mean relative humidity (%)
MAE 6.10 9.74 503 585 580 — 7.0 9.14 6.19 945 696 522 — — 7.00 7.81 844 836 — — 1237 10.81
RMSE 6.84 1278 6.55 6.88 805 — 899 1123 7.61 1214 834 698 — — 891 9.18 10.18 10.72 — — 1641 13.33
NSE -5.52.059 090 035 048 — -0.77 0.74 071 -2.03 -099 0.72 — — 069 040 0.14 060 — — 27 -523
d 044 081 097 084 08 — 075 092 093 065 072 092 — — 092 084 079 08 — — 050 032
R? 027 076 091 077 061 — 054 083 079 052 063 073 — — 082 0.68 042 060 — — 0.13 0.02
r 052 087 09 087 078 — 073 091 089 072 080 085 — — 090 0.83 065 077 — — 036 -0.12
Wind speed (m s')
MAE 043 1.13 038 219 063 537 047 883 168 07 143 077 — 445 041 046 534 546 — 252 342 8.09
RMSE 045 1.16 049 241 075 6.18 0.60 1041 181 08 147 087 — 531 052 058 576 613 — 320 420 879
NSE -61.63 -415.7 0.79 -17.27 -031 -19.35 022 -157.2 -2.58 -091 -9.18 -13.63 — -6152 0.6 0.66 -17.45 -1832 — -1545 -22.35 -13.39
d 0.16 0.07 093 033 068 038 0.78 0.13 064 059 033 035 — 009 087 091 039 040 — 043 033 044
R? 0.04 004 08 012 055 064 05 021 08 057 049 027 — 056 068 073 08 083 — 062 033 0.89
r -0.21 -0.19 0.89 034 0.74 08 071 046 091 0.75 070 052 — 075 083 086 093 091 — 079 057 0.94
Maximum temperature (°C)
MAE 291 259 248 119 — 097 — 156 — 227 182 — 365 283 172 41 158 1.86 285 222 284 1.79
RMSE 327 3.09 284 150 — 127 — 204 — 266 224 — 463 3.18 208 454 198 248 343 251 323 252
NSE -87 046 024 078 — 098 — 095 — 063 062 — -0.71 086 039 -1.45 097 097 092 095 087 0.93
d 041 080 078 094 — 100 — 099 — 092 092 — 078 097 084 064 099 099 098 099 097 098
R? 030 058 062 079 — 098 — 095 — 084 076 — 077 097 051 059 097 097 097 099 095 0.96
r 055 076 079 08 — 099 — 098 — 092 087 — 088 099 071 077 099 099 099 099 098 098
Mean temperature (°C)
MAE — — — — 071 — 14 — 077 — — 098 — — — — — — — — — —
RMSE — — — — 097 — 170 — 1.2 — — 125 — — — — — — — — — —
NSE — — — — 098 — 08 — 097 — — 097 — — — — — — — — — —
d — — — — 099 — 097 — 099 — — 099 — — — — — — — — — —
R? — — — — 098 — 097 — 097 — — 098 — — — — — — — — — —
r — — — — 099 — 099 — 099 — — 099 — — — — — — — — — —
Minimum temperature (°C)
MAE 074 106 128 057 — 227 — 390 — 154 146 — 157 1.53 141 123 136 220 278 216 240 2.60
RMSE 093 144 161 070 — 270 — 508 — 195 178 — 212 1.89 173 146 171 284 3.63 275 294 3.67
NSE -0.61 033 021 075 — 09 — 035 — 084 08 — 045 086 065 0.66 097 094 091 091 089 0.86
d 053 080 0.80 095 — 097 — 087 — 09 09 — 091 097 09 092 099 098 097 097 0.98 097
R? 0.07 045 057 08 — 093 — 067 — 088 08 — 083 089 0.79 084 097 095 093 094 093 094
r 026 067 075 091 — 097 — 082 — 094 092 — 091 094 08 092 099 097 096 097 097 097
Incident solar radiation (MJ m? per day)
MAE 247 1.8 145 221 167 — 114 — 1118 1.5 280 1.88 — — 148 184 — — — — — —
RMSE  3.04 222 209 28 196 — 167 — 1204 153 339 209 — — 199 234 — — — — — —
NSE 044 064 072 009 092 — 094 — -1.78 096 073 092 — — 083 081 — — — — — —
d 0.88 091 094 084 098 — 099 — 058 099 093 098 — — 096 096 — — — — — —
R? 0.70 072 079 062 097 — 095 — 062 097 087 098 — — 085 08 — — — — — —
r 0.83 085 089 079 098 — 098 — 079 098 093 099 — — 092 092 — — — — — —

(OMAE, mean absolute error; RMSE, root mean square error; NSE, Nash-Sutcliffe coefficient; d, index of agreement; R?, coefficient of determination;
and r, Pearson’s correlation coefficient. @Cfa', Cfa?, Csa', and Csa? in the weather stations of Bureau of Meteorology in Australia, Instituto Nacional de
Meteorologia in Brazil, Soil Conservation and Drainage Department in Israel, and Instituto Portugués do Mar e Atmosfera in Portugal, respectively.
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Regarding the accuracy of NASA Power in
estimating variables related to air temperature, White
et al. (2008) found that the data series provided reliable
daily T,.. and T, data for the United States from
1983 to 2004, considering 855 NOAA stations. The
authors observed a RMSE of 4.1°C and 3.7°C for T,
and T, respectively, and a R? = 0.88 for both. The
Thean €stimated by NASA Power was satisfactory in all
locations with the BWh, BSh, Cfa, and Csa climates,
showing a low MAE and RMSE, with a high NSE and
high d- and r-values.

Despite the good statistical indicators obtained for
Tmax and T, in continental and polar climates, NASA
Power did not accurately estimate RH, .., and u, under
these conditions. The RH,,,, presented r < 0.77 in the
Dfa, Dfb, and Dsc climates, and r = -0.12 in the ET
climate. Despite the r > 0.78 in Dfa, Dfb, and Dsc and
r = 0.94 for u, in ET, the linear associations resulted
in a negative NSE, an indicative of the low adjustment
of the estimated data. However, the RH,,.., estimated
by NASA Power showed better fits for the Aw tropical
climate. In addition, the best indicators were observed
in the BSk semi-arid and Cwa humid subtropical
climates. In the present study, the RH,., obtained
for the BSh climate showed a RMSE = 8.99%, which
was much lower than that of up to 31.75% reported
by Aboelkhair et al. (2019) for the BWh semi-arid
climate. These findings indicate that NASA Power
showed a higher accuracy in estimating RHye, in
warmer climates (tropical, subtropical, and semi-arid),
but requires adjustments to be used in colder climates
(continental and polar).

The u, variable presented a negative NSE in almost
all climates. Good indicators were observed only in
the Aw, Cwa, and Cwb climates, with r > 0.83. Despite
the low MAE and RMSE values for u, in the Csa
climate, NSE was negative and the d and r statistical
indicators were low, indicating the poor performance
of NASA Power to estimate u, under these conditions.
Likewise, Rodrigues & Braga (202la), evaluating
daily Toax, Tmins Rs, RH, and u, estimated by NASA
Power and measured at 14 surface weather stations
in the Csa climate, in the Alentejo region in Southern
Portugal, found a good alignment between the different
databases, except for u,. Therefore, although NASA
Power accurately estimates many of the analyzed
climate variables, u, still needs to be better managed
and evaluated.

Among the analyzed variables, Rs showed the
best statistical indicators overall. The worst values
occurred in the Cfa climate in Saint George, Australia.
Therefore, there probably was an error in the Rs data
records at the BOM station, since the values measured
for this variable in same climate type at the INMET
station were similar to those provided by NASA
(Table 2). In all other climates, Rs showed good
indicators, with 1.14 MJ m~ per day <RMSE >3.39 MJ
m? per day and 0.88 < d > 0.99. The results found for
Rs were very close to those obtained by Monteiro et al.
(2018), on a daily scale, who found RMSE = 3.10 MJ
m? per day and d = 0.99 when comparing the INMET
and NASA Power databases in Brazil. According to
these authors, the high d indicates the precision of
NASA Power to estimate Rs.

Overall, thereanalysis data estimated with the NASA
Power database follow a trend very similar to that of
the data measured at the INMET, SCDD, BOM, IPMA,
and NOAA surface weather stations. The exceptions
were variables u, in almost all climates (except Aw,
Cwa, and Cwb), T, and T,;, in tropical climates,
and RH,.., in continental and polar climates. The
statistical indicators also resulted in a good association
for most variables and climates, showing reliability
and robustness to be used in data analysis procedures.
Similarly, Monteiro et al. (2018) concluded that NASA
Power products can be used as a reasonably accurate
source of climatic data for agricultural activities at
regional and national spatial scales. However, attention
is necessary mainly concerning variables u,, T,.x, and
Thin in tropical climates and RH,,.,, in continental and
polar climates, which showed a higher discrepancy in
relation to the values measured at the surface stations.
For the other variables in different locations, the data
from NASA Power can be considered for application
in areas of agricultural sciences, especially for water
and soil engineering.

The ETo estimated using T,.., Tmin, U2, Rs, and
RH,.... data from the surface weather stations and the
NASA Power database was calculated for the worst
statistical indicator (Table 3), observed in the Af
climate in Sdo Gabriel da Cachoeira, Brazil, where all
analyzed climatic variables performed poorly, except
Rs. The best indicators were obtained for T.x and Ty,
in the Cfa climate (INMET) and for u, and RH .., in
the Aw climate in Diandpolis, Brazil, which presented
at least two variables with the best indexes. However,
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Cfa (at INMET) showed a negative NSE for u,, which
explains why Aw was considered in ETo estimation.
Therefore, ETo was calculated under two climates in
Brazil: Af in the state of Amazonas (at a latitude of
-0.1252, longitude of -67.0612, and altitude of 79.67
m) and Aw in the state of Tocantins (at a latitude of
-11.5944, longitude of -46.8472, and altitude of 727.87)
in the period from 1/1/2017 to 12/31/2017, representing
the worst and best statistical indicators, respectively
(Figure 1).

155 A !
= y=1.1x-0.32
3 R2=10.73 E
E MAE =0.41 o
g 104 RMSE=0.50 '
g NSE = 0.55
o d=091 &
& r=085 .
= -
g d
2 5
]
=
0 '!'-‘ T T 1
0 5 10 15
Estimated ETo (mm per day)
154 B
y=0.78x +0.77 p
I~ R*>=0.90
5 MAE = 0.68
5 RMSE = 0.84
2 10 NSE =0.82 i
g d=095
B’ r=0.95
=
m
B
g5 5
g
E F
0 ":'-.r T T 1
0 5 10 15

Estimated ETo (mm per day)

Figure 1. Linear regression analysis associating reference
evapotranspiration (ETo) calculated with estimated and
measured data for the locations under the Aw and Af
climates that showed the best (A) and worst (B) adjustments,
respectively, according to the used statistical indicators.
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The association of the ETo calculated with measured
vs. estimated data indicated satisfactory adjustments,
even for the worst condition in the Af climate. In the
better condition in the Aw climate, the association
indicated r = 0.90 (Figure 1 B). The average values
of ETo, calculated with measured and estimated
climatic data, were 3.26 and 3.37 mm per day in the
Af climate and 5.34 and 5.82 mm per day in the Aw
climate, respectively. The highest MAE and RMSE
values observed in Aw are associated with the highest
ETo values that generally occur under this climate
(Jerszurki et al., 2017).

The average values of the ETo calculated for the
Af and Aw climates agree with those obtained by
Oliveira (2018), based on Allen et al. (2005), using
data from 22 and 65 stations under the Af and Aw
climates, respectively. Jerszurki et al. (2017) also
observed a higher ETo value of 4.09 mm per day in
the Aw climate, compared with that of 3.73 mm per
day in Af in Brazil.

Considering the good statistical indicators obtained
even for the worst location in the Af climate, ETo was
also calculated for the climates in Table 1 that had
the input variables (Tyux, Tmin and/or Tean Us, Rs, and
RH,,can) required by the Allen et al. (2005) method.
The over- and underestimates obtained in the analyzes
did not significantly affect the ETo estimate (Table 2),
as verified in the associations shown in Figure 2. Even
with the inconsistencies in u, and Rs in the Cfb and
Cfa (at BOM) climates, respectively, the associations
of the daily ETo obtained with estimated and measured
data for different Koppen climate types resulted in
good fits (Figure 2 E and G).

The present study showed promising ETo
results (Figure 2), as well as the easy use of the
NASA Power database to extract data without
requiring knowledge of geographic information
system software or satellite image processing
(Marzouk, 2021). However, since ETo is used to
estimate crop evapotranspiration (ETc = ETo x kc)
and underestimates can accumulate under field
conditions, it is difficult to manage and account for
water balance for irrigated crops. As a result, the
achieved yields may be lower due to the reduced
water availability for the plant cycle. However, this
can only be better elucidated in studies more applied
to water and soil engineering in irrigated crops.
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Figure 2. Daily reference evapotranspiration (ETo) obtained with estimated vs. measured data for the following K&ppen
climate types: Am (A), As (B), BWh (C), BSh (D), Cfa at the Bureau of Meteorology station in Austalia (E), Cfa at the
Instituto Nacional de Meteorologia station in Brazil (F), Cfb (G), Csa (H), Cwa (I), and Cwb (J).
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Conclusions

1. NASA Power estimates for air temperature are
consistent with the data measured at surface weather
stations in continental, polar, and semi-arid climates,
but not in tropical ones.

2. In the analyzed climate types, the NASA Power
database accurately estimates maximum, minimum,
and mean temperatures, as well as incident solar
radiation, but shows the highest deviations for wind
speed in relation to the data measured at surface
stations and a more accurate mean relative humidity in
warmer climates.

3. NASA Power data are accurate to estimate
reference evapotranspiration with the Penman-
Monteith method.
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