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Abstract: This study aims to ascertain the uncertainties related to the spatiotemporal estimation of
net radiation, and its components, using remote sensing data. Geographical focus is an irrigated
agricultural hotspot of the Brazilian semiarid region, for which we also investigate the impact that
contrasting land-cover types have on the upwelling radiation balance components, and hence on net
radiation. Instantaneous (R,) and daily (R,24) values of net radiation were estimated based on
OLI/TIRS-Landsat-8 images and key weather variables. In addition, we evaluated two models for
downwelling shortwave (Rs,), ten models for downwelling longwave radiation (Ry,), and two
models for derivation of Ry, The accuracy of each model was evaluated with radiation
measurements obtained from research quality sensors installed in micrometeorological towers. The
best performances were found for the Allen model, Duarte model, and De Bruin model for Ry, Riy,
and Ry, respectively. The contrasting land-use types exhibited substantial differences in the
biophysical variables and radiative properties that affect R,. The albedo for the irrigated crops has

average absolute values that are 0.01-0.03 larger than those found for the pristine caatinga, whereas
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the land surface temperature, LST, is 3—5 degrees smaller. However, R, for these two distinctly
different surface types was similar, as a result of a considerably lower surface emissivity in the
caatinga. For rangeland, the albedo, LST, and hence the upwelling radiation had greater values than
those found for the caatinga, which caused reduced values of R,. The urban areas exhibited the
lowest values of R,,, mainly as a consequence of their high albedo values. We show that when in-situ
net radiation data are not available, remote sensing data combined with more readily available in-situ
weather data can be used to derive spatiotemporal estimates of R,,. This facilitates the identification
of anthropogenic impacts on the radiation at the land-surface and ultimately the energy balance,

including the short-term seasonal and long-term effects.

Keywords: remote sensing; land use change; caatinga; energy balance; longwave radiation;

downwelling solar radiation.

1. Introduction

The Brazilian semiarid region is predominantly characterized by the Caatinga, a seasonally dry
tropical forest, which is ecologically rich. Few studies have addressed the effects of anthropogenic
changes on this natural vegetation cover, especially in the context of land-surface climate interactions
(e.g. Cunha et al.,, 2020; Marques et al., 2020). During the past decades, the Caatinga has been
extensively affected by anthropogenic land-cover changes, and only a few ecologically important
landscapes of this natural habitat remain, of which only 1.3% is protected by law (CNUC/MMA,
2018). This region is the most populous semiarid territory in the world (IBGE, 2010), and yet one of
the most threatened Brazilian natural landscapes; mainly because it comprises originally pristine
Caatinga areas that are now affected by desertification, agricultural intensification (both rainfed and
irrigated crops), and (over)grazing (pasture). Most of water resources in this region come from the
Sao Francisco River, whose waters supply several municipalities; for human consumption, generation
of energy and agricultural activity. The increase of irrigated agriculture in the Caatinga, in particular
during recent years, has had positive socio-economic implications but it has also increased conflicts

related to water use.
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The anthropogenic activities influence local climate through changes in surface properties and
state variables such as albedo and land-surface temperature (Bonan 2008; Gomes et al., 2009;
Kvalevag et al., 2010; Li et al., 2019). Therefore, the local and regional atmospheric circulation in the
Caatinga has being affected (Correia et al., 2006; Melo et al., 2015). These alterations in biophysical
surface variables impact the surface net radiation balance, as observed by Silva et al. (2015) who
studied the replacement of woody savanna by agricultural crops and eucalyptus plantation, and by Liu
et al. (2019) who investigated the radiative effects of the conversion of croplands to grasslands.

Net radiation (R,) is defined as the balance between incoming (downwelling) and outgoing
(upwelling) shortwave and longwave radiation at the surface. The downwelling fluxes are strongly
dependent on latitude, solar angle (for shortwave radiation), as well as cloudiness and atmospheric
properties such as temperature and vapour pressure, that affect the longwave downwelling flux
directly (i.e., air temperature, via Stefan Boltzmann’s law) or indirectly through changes in
atmospheric emissivity. Important variables for the upwelling radiation fluxes are albedo (shortwave
radiation), and land surface temperature and surface emissivity, that together determine the longwave
upwelling radiation, again calculated by Stefan Boltzmann’s law. All of these atmospheric and surface
variables display considerable spatial and temporal variability, which directly affect heat and mass
exchanges in the planetary boundary layer (Silva et al., 2015; Kilic et al., 2016).

Estimation of R, is very important in the context of turbulent energy flux estimates (latent heat
flux (i.e., evapotranspiration), and sensible heat flux), particularly in those studies devoted to the
assessment of evapotranspiration based on remote sensing techniques (Bastiaanssen et al., 1998, 2005;
Allen et al., 2007; Silva et al., 2015; Elnmer et al., 2019) and those employing the Bowen ratio
method, where R, (as a key component of the available energy) is crucial for the reliable calculation
of latent and sensible heat fluxes (Verhoef and Campbell, 2005). Reliable values of R, are also
required to check the closure of the energy balance when turbulent energy fluxes have been directly
determined with the eddy covariance technique, because there may be an underestimation due to the
existence of storage of heat in canopies or in the layer below the instrumentation, horizontal
advection, errors in the frequency response of sensors, and regional scale heterogeneity that can cause

large-scale eddies that are not readily sensed by eddy covariance systems. Therefore, the sum of
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measured latent plus sensible heat fluxes needs to be compared with values of net radiation minus
ground heat flux, to assess the magnitude of the non-closure (Jensen and Allen, 2016). R, can be
directly determined onsite with net radiometers, which are accurate but expensive and only produce
measurements representative of relatively small areas (Jensen and Allen, 2016).

Satellite imagery has been widely used to determine R, from field to regional scales, and over
heterogeneous areas (Bisht et al., 2005; Allen et al., 2007; Ryu et al., 2008; Bisht and Bras, 2010;
Silva et al., 2011; Silva et al., 2015). In this context, various algorithms have been developed to
estimate the downwelling shortwave radiation (Zillman, 1972; Allen et al., 2007), downwelling
longwave radiation (Sugita and Brutsaert, 1993; Prata, 1996; Bastiaanssen et al., 1998; Duarte et al.,
2006; Allen et al., 2007; Kruk et al., 2010; Santos et al., 2011), longwave radiation balance, and
radiative properties such as surface emissivity (Tasumi, 2003; Mufioz-Jiménez et al., 2006; Tang and
Li, 2008; Teixeira et al., 2009).

For the downwelling shortwave radiation, Bisht et al. (2005), Bisht and Bras (2010), Alados et al.
(2011) and Silva et al. (2015) in subtropical regions, and Vancoppenolle et al. (2011) in Antarctica,
have obtained good results when applying the model proposed by Zillman (1972). On the other hand,
the Mapping Evapotranspiration aT high Resolution with Internalized Calibration (METRIC) model
employed by Allen et al. (2007), ensured that for clear sky conditions, the accuracy of METRIC
downwelling shortwave radiation was comparable to data measured with a pyranometer sensor
mounted on an automated weather station (Allen 1996; ASCE-EWRI 2005; Jensen and Allen, 2016).

Several models are dedicated to estimate the downwelling longwave radiation; Allen et al.
(2007), Allen et al. (2011), and Santos et al. (2020) recommend the expression employed in
Bastiaanssen et al. (1998). Silva et al. (2015) evaluated nine models of downwelling longwave
radiation at the Mogi Guagu watershed (a subtropical Brazilian basin), and found that the model of
Duarte et al. (2006) presented the best performance on the basis of mean errors. Other studies also
indicated a good performance of the Duarte et al. (2006) model (in Korea: Choi, 2013; in the Brazilian
southeastern region: Kruk et al., 2010; and in Argentina: Carmona et al., 2014). Santos et al. (2011)
proposed a model that showed errors less than 1.0%, in a banana orchard located in the semiarid

region of Northeast Brazil.
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Regarding daily net radiation, Bastiaanssen et al. (2000) recommended the use of the expression
employed by De Bruin (1987) in remote sensing applications (in this case Landsat images were
employed). Silva et al. (2015), when using this model with TM Landsat 5 images, found small mean
errors, at the Mogi Guagu watershed (mentioned above), in a sugarcane field and in a Cerrado forest
area. Trigo et al. (2018) successfully validated a Priestley-Taylor (Priestley and Taylor, 1972) grass
reference evapotranspiration product (that uses a Meteosat Second Generation shortwave radiation
product, and the De Bruin (1987) equation), in a non-irrigated grass area (Cabauw, The Netherlands),
and showed a modest bias of -0.4 mm/day. Another method to obtain daily net radiation was
developed by Bisht et al. (2005); it has been used in several remote sensing studies (Bisht and Bras,
2010; Bisht and Bras, 2011; Ruhoff et al., 2012; Zhu et al., 2017; Wang et al., 2019).

However, there is a lack of applications and validation of those models in the framework of the
assessment of the effect of land-cover change on land-surface radiation components for Brazilian
semiarid conditions. A better quantification of regional net radiation for evapotranspiration estimates
will provide reliable information to decision makers for a more efficient management of water
resources. Hence, the aims of this study are: (a) to assess the uncertainties related to the estimation of
net radiation components from remote sensing methods, and (b) to evaluate the impact that
contrasting land-cover types have on the radiation balance components in an agricultural hotspot of
the Brazilian semiarid region, using remote sensing and in-situ data. This is the first study of its kind

in this region.

2. Materials and Methods

2.1 Study area: Climatology and land use (sampling)

The study area is located in the Brazilian Caatinga domain, an area that originally encompassed
approximately 900,000 km®. Over the past decades large pristine Caatinga areas have been cleared
and replaced by rainfed (mostly) and irrigated agriculture, while in other areas grasses took over and
grazing pasture became the dominant land-cover type. Within the Caatinga, we selected an area of
7,366 km?, which is situated in the Low-Middle Sdo Francisco river watershed, between the federal

states of Pernambuco (PE) and Bahia (BA). The selected area includes part of the Sdo Francisco
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River, urban areas of Petrolina and Juazeiro towns, Caatinga and pasture vegetation, and irrigated
crops (about 70,000 hectares) (Fig. 1). Although irrigated agriculture is not the most common type of
agriculture found in the Brazilian semiarid region, it is predominant in the area of study due to the
easy access to the Sdo Francisco river, that supplies the irrigation water. The land-use data were
produced by MapBiomas (Projeto MapBiomas, 2019), that uses automatic classification procedures
applied to satellite images to generate coverage and land-use data. Note that information on rainfed
agricultural land use is not available in MapBiomas (most likely because the rainfed areas are too
small in that region to be detected by Landsat), hence this land use was not considered in our study.
The climatology for Petrolina is presented in Table S1 for the 1981-2010 period, the procedures for
obtaining it are in accordance with World Meteorological Organization WMO technical
recommendations (WMO station code: 81991; WMO; 1989; INMET, 2018).

With the aim to evaluate the impact that land-use changes have had/could have on the land
surface state variables and the radiation balance of the original Brazilian Caatinga, we selected 100
random data points (for the variables given below) for caatinga vegetation, irrigated agriculture,
pasture, and urban infrastructure (i.e., a total of 400 points). This procedure provided a common basis
for comparison between the landcover types, using the same spatial sampling structure, and followed
the methodology of other studies (e.g. Raynolds et al, 2006; Lin et al., 2014; Robinson et al., 2017;
Hoagland et al., 2018). The random points were generated for each land-use type using a random
points tool of QGIS 3.6 Noosa (QGIS, 2020), a reliable and practical tool also utilized in other studies
(Waldmann-Selsam et al., 2016; Wijesingha et al., 2019; Urrutia et al., 2020), that helps avoid bias.
These data were used to create box-plots for land surface temperature (LST), net radiation at the time
of satellite overpass (R, over, Se€ Eq. 1), Normalized Difference Vegetation Index — NDVI (Rouse et
al., 1974) albedo, and surface emissivity g, based on MapBiomas classification

(http://mapbiomas.org), (Fig. 1).
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Figure 1. Coverage and land use map of the study area. The subsets indicate the four contrasting

land-cover types that were studied. Data were obtained from ‘Projeto MapBiomas’.

The maximum daily air temperature (Ty.y), of the study area (see Table S1) ranges from 29.7 °C
(July) to 34.2 °C (November), with an annual mean of 32.3 °C. The mean annual minimum air
temperature (Ty,;,) is 22.2 °C, and varies between 20.0 °C (July) and 23.5 °C (December). The mean
daily sunshine hours duration varies from 7.3 h (June) to 9.2 h (September—October). Mean monthly
rainfall ranges between 1.4 mm (August) to 114.1 mm (March); most of this (70.4%) falls between
January and April with an annual mean of 482.6 mm (See Table S1 in the supplementary material).
The high values of daily downwelling shortwave radiation (up to 36 MJ m™), low values of air
relative humidity (from 43.8% in October to 60.2% in June), and relatively high wind speeds (~3 m s
' on average) result in an annually averaged Class A pan evaporation of 9.2 mm day”, with
accumulated monthly values ranging between 216.8 mm (April) and 387.8 mm (October). The annual
reference evapotranspiration (ETy) for the 30-year period is 1887 mm. Based on these data the local

climate can be classified as semi-arid to arid.
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2.2 Satellite images and weather data

We used the Operational Land Imager (OLI) Collection 1 Level-1 bands 2 (0.450-0.51 pm), 3
(0.53-0.59 pm) and 4 (0.64—0.67 um) in the visible spectrum, 5 (0.85-0.88 um) in the near-infrared,
6 (1.57-1.65 pm) and 7 (2.11-2.29 pum) in the shortwave infra-red, all with a spatial resolution of 30
m, as well as the Thermal Infrared Sensor (TIRS) band 10 with a spatial resolution of 100 m. We used
thirty OLI/TIRS Landsat 8 images, path 217 and rows 66 and 67, for the period from 2013-2019 (for
the dates and times of the satellite overpass, see the first column in Table S2) (USGS, 2018). We used
the Level-1 Quality Assessment product of Landsat 8 to ensure that no bad satellite data were
included in the processing.

One-minute data of air temperature—T, (°C), relative humidity—RH (%), atmospheric
pressure—P, (kPa), downwelling shortwave radiation—Rgy obs (W m'z), and downwelling longwave
radiation—Ry obs (W m'z) were obtained from Petrolina Station (hereinafter referred to as SONDA
station; part of the Baseline Surface Radiation Network (BSRN)). For details of sensors and data
quality control see Driemel et al. (2018). For the present study, we used the one-minute data at the
satellite overpass times (Table S2) to calculate variables required for the calculation of R, yyer-

Measurements from 4-component net radiometers (CNR1 model Kipp-Zonen, Delft, the
Netherlands), installed in a micrometeorological tower (at 8 m height) in irrigated sugarcane (SC), in
irrigated mango orchard (MO), at 6 m, and at 14 m in a pristine caatinga (PC) (Fig. 1), were used to
validate the instantaneous and daily R, results derived from OLI/TIRS Landsat 8 images. Ten images
(2013-2015) were used for SC (in-situ R, data were not available for the other five days for which
images where available during this period), eight (2017-2019) for MO (in-situ R, data were not
available for the other four days) and sixteen (2015-2019) for PC (in-situ R, data were not available
for the other six days). The CNR1 measurements were collected every 30 seconds, and averages were
recorded at 30-minute (SC and PC) and 10-minute (MO) intervals by a datalogger (CR23X for
sugarcane, CR1000 for Caatinga, and CR5000 for mango orchard, manufactured by Campbell

Scientific., Logan, UT, USA).

2.3 Determination of instantaneous net radiation
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The instantaneous net radiation at the surface during the satellite overpass—R, over (W m™) was

calculated using Eq. 1 (Allen et al., 2007; Silva et al., 2015):
Rn,over = (1 - a)st — Remi + & Ry (1)

where o (dimensionless) is the surface broadband albedo (dimensionless), Ry (W m?) is the
downwelling shortwave radiation (estimated by different parameterizations, subsection 2.3.2), Rem;
(W m?) is the longwave radiation emitted by the surface, g is the pixel surface emissivity, and Ry, (W
m™) is the downwelling longwave radiation emitted by the atmosphere, all obtained at the time of the
satellite overpass.

The instantaneous net radiation at the surface—R, (t) (W m™) at any time t (local solar time) of
the diurnal cycle (from sunrise to sunset, only for R, (t) > 0) can be obtained based on the assumption

that the diurnal variability of net radiation follows a sinusoidal pattern (Bisht et al., 2005):

Rn(t) = Rymax SiN [(ﬂ) n] )

set — Lrise
where Ry max (W m'z) is the maximum daily net radiation and t,s and ts are the times when R, (t)
becomes positive and negative, respectively, throughout the day (we assume that t;,. occurs 50

minutes after sunrise and ts¢ occurs 50 minutes before sunset). Rymax Was determined according to

(Bisht et al., 2005):
R _ Rn,over
nmax — . Lover — trise (3)
s [( tset = Lrise )T[]

2.3.1 Broadband albedo
The broadband surface albedo - a, for each pixel with atmospheric correction, was obtained
according to the following expression (Bastiaanssen et al., 1998; Allen et al., 2007; Silva et al., 2016):

«= (222 (4)

TSW
where oy, is the broadband albedo at the top of atmosphere, i.e., before atmospheric correction, a is

the atmospheric reflectance (set to 0.03, as used in many studies (Bastiaanssen et al., 2000; Silva et
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al., 2015; Silva et al., 2016)) and 14, is the atmospheric transmissivity for clear sky conditions (see Eq.
7). toa consists of a linear combination of the spectral reflectance of the six reflective OLI bands,

according to Silva et al. (2016):
Qpoq = 03007, + 0.277 73 + 0.233 1, + 0.143 15 + 0.036 15 + 0.0017, )

where r,—17 are the reflectivities of OLI spectral bands 2—7, respectively, each one of them obtained

using Eq. 6:

= cos Z dr

where the terms Add, and Mult, belong to the radiometric rescaling group, specifically the
reflectance_add band (equal to -0.1) and reflectance mult band (equal to 0.00002), respectively,
presented in the metadata of each OLI — Landsat 8 image, Z is the solar zenith angle, and dr is the
relative Earth-Sun distance squared (dimensionless), see Table S2. Parameter t,, is obtained from

(Allen et al., 2007):

0.35 + 0.627 —0.00146 F, 0075( W )0'4 (7)
T = U. . —_— — U.
sw exp Kicos Z cos Z

in which K, is the atmospheric turbidity coefficient, P, is atmospheric pressure (kPa; see Table 1), and
W is precipitable water (mm), defined by the following equation (Garrison and Adler, 1990):
Fa
W =10 [1.4 eq (—) + 0.21] (3)
P sml
where e, is the partial pressure of atmospheric water vapor (kPa), obtained from RH and T, measured
at the SONDA site (see Table S2 and Section 2.2), P, is the atmospheric pressure (in kPa, see Table

S2), and Py, is the atmospheric pressure at mean sea level (101.3 kPa).

2.3.2 Downwelling shortwave radiation assessment

The downwelling shortwave radiation—Ry,, (W m?), at the satellite overpass time, for clear-sky
condition was estimated by parameterizations developed by Allen et al. (2007)—Rqy am (referred to as
Allen model) and Zillman (1972)—Rw zim (referred to as Zillman model), according to the following

equations:



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

Row ain = Soc0s Z dy Tgy, )

. _ So cos? Z (10)
WM ™ 1.085¢c05 Z + eq (2.7 + cosZ) 1073 + 8

where S is the solar constant (1361 W m™) and p is an adjustment coefficient that was evaluated for
two different values B = 0.10 (Ryy 2, originally adopted by Zillman, 1972) and B = 0.2 (Ryyz2
suggested by Bisht et al., 2005; Bisht et al., 2010; and Silva et al., 2015); all other symbols are as

defined before.

2.3.3 Estimation of upwelling and downwelling longwave radiation
The upwelling longwave radiation emitted by the surface at the satellite overpass—Remi (W m?)

was calculated according to Stefan-Boltzmann’s Law:
Romi = € 0 LST* (11)

where o is the Stefan-Boltzmann constant, g, is the pixel surface emissivity, and LST is the land
surface temperature (K), which was obtained using the spectral radiance of band 10 of the TIRS—L
(W m? sr’ um'l) and the emissivity at the nearest band—eyg, through the inverted Planck Law
(Markham and Barker, 1986):

K;

NCTL
4,10

LST = ) (12)

where K, and K, are radiation constants specific to TIRS-Landsat 8 band 10, equaling 774.89 W m™
st pm'l and 1321.08 K, respectively. The surface emissivity across the entire longwave radiation
spectrum—¢, and the one associated with the thermal band spectrum, exg, were calculated based on
the Leaf Area Index, LAI, according to Tasumi (2003), for each pixel.

The atmospheric downwelling longwave radiation—Ry, (W m?) was calculated using Stefan-

Boltzmann’s Law (analogous to Eq. 11):
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Ry =¢40 Ta4 (13)

where LST in Eq. 11 was substituted by T, (K), measured at the SONDA station of Petrolina, and the
surface emissivity was replaced by the atmospheric emissivity—e,. Parameter ¢, was determined with
the expression that provided the best estimate of Ry, among ten different models, when compared with
pyrgeometer measurements at the SONDA station. The various expressions used to compute €, are
listed in Table 1. Note that those equations by Brutsaert (1975), Sugita and Brutsaert (1993), Duarte
et al. (2006), Kruk et al. (2010), and Santos et al. (2011) are in fact the same equation but with

different parameter constants. All models we tested required weather data (T,, RH, and P,) collected

at the SONDA station at one-minute intervals (Table S2).

Table 1. Different models evaluated for clear-sky atmospheric emissivity—e, (dimensionless)
determination based on atmospheric vapor pressure—e, (hPa) and air temperature—T, (K) data (see
Table S2)

Author(s) Equation
Swinbank (1963) £, =9.365-107° - T2
Idso and Jackson (1969) €, =1-0.261exp[-7.77-107* (273 — T,)?]
1/7
Brutsaert (1975) £, = 0.643 (;_:;)
i 1500
Idso (1981) €, = 0.70 + 5951077 eaexp( - )
. 0.0687 “
Sugita and Brutsaert (1993) £, = 0714 (T_a>
Prata (1996) e ={1-(1+¢)exp[—(1.2 +3.00)*°]}
with ¢ = 0.465 (%)
Bastiaanssen et al. (1998) g4 = 0.85(— In T5y) %%
0.131
Duarte et al. (2006) £, = 0.625 (e_a>
“ 0.202
Kruk et al. (2010) £, = 0.576 (;_:;)
a 0.0881
Santos et al. (2011) £, = 0.6905 (;_a)

a

2.3.4 Daily net radiation
The daily net radiation—R, 4 (W m?) was obtained according to De Bruin (1987) (see also

Bastiaanssen et al., 2000; Silva et al., 2015):
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Ry 24pes = 1-a Ry 2a — 110 Tgyn4 (14)

where o is the surface broadband albedo (see Eq. 4); Ryyos (W m?) is the downwelling shortwave
radiation (locally measured at SONDA Station) integrated for 24 hours; and T4 is the ratio of the
daily downwelling shortwave radiation—R, 4 (MJ m™) and the daily extraterrestrial solar radiation
(at the top of atmosphere)—Rgy 0a (MJ m?). The second term in Eq. 14 accounts for the longwave
radiation which reduces R;,4, and the constant 110 is locally calibrated as obtained by De Bruin
(1987) and applied satisfactorily by Bastiaanssen et al. (2000) and Silva et al. (2015). We also
determined daily net radiation according to the sinusoidal model developed by Bisht et al. (2005)
valid only for clear sky days (referred to as Bisht model):

2 Rn,max (1 5)

Rn,24,Bst =
T

where Ry, max (W m'z) is the maximum daily net radiation value, which was obtained by Eq. 3.
2.4 Statistical metrics
The performance of the results was determined by the Mean Errors (Absolute Mean Error—

MAE and relative mean error—MRE), the Root Mean Square Error—RMSE, the Pearson correlation

coefficient—r and the Coefficient of Residual Mass—CRM:

n
100 Xosr — X
MRE = 2 est obs (16)
n < Xobs
=1
1 n
MAE = = Xoge = Xops| (17
i=1
BT (ot = Xops)??
RMSE = ( i est obs ) (18)
n
r = Z?ZI(XBSI' - )?)(Xobs - X) (19)

1
[Z?:l(Xest - }?)(Xobs - X)Z]E



294

295

296

297

298

299

300

301

302

303

304

305

306

307

Z?(Xobs B Xest) (20)

CRM =
Z?(Xobs)

where Xgps, Xest and X correspond to measured, estimated and averaged values of the parameterized
variables (Ri, Rsw, Rp, and Ry4), and n corresponds to the number of observed and estimated

variables.

3. Results and Discussion

3.1 Solar radiation and atmospheric transmittance

The atmospheric transmittance values—rs, associated with the Landsat 8 overpass times over the
studied region are presented in Table S3. Values of t,, ranged between 0.723 (May 30, 2013 — DOY
150) and 0.758 (Oct 5, 2013 — DOY 278), making them generally higher than the daily average
transmittance—Tqy 24, also presented in the same table. The presence of clouds throughout the day
attenuates solar radiation and, thus, reduces T, 24, Which consequently reduces the daily downwelling
shortwave radiation—Rgy24. Contrasting sky conditions can be appreciated in SONDA data over
different seasons (clear sky with T4y 24 = 0.720 — Fig. 2a and cloudy sky with tey24 = 0.684 — Fig. 2b).
We had 73% of the selected dates with T4 higher than 0.7, representative of clear days, and 27%

with Tey 24 lower than 0.7 (ranging from 0.649 to 0.692), i.e. days where some clouds were present.

1400 1400

waa=0.720 a Ty 00=0.684
1200 - "2 ( 1200 1 ™ ®
21000 - 41000 1 2
g g
= 800 B 800 A
E 600 > 600 A
2 400 1 2 400 A
200 A 200 A
0 —r T T T T T T T T T T 0 - T T T 1T — 1 1 T T T T T 1
6 78 8 910111213131415161718 6 7 8 8 910111213131415161718
t (h) t (h)
—Rsw,toa Rsw,obs — overpass —Rsw,toa Rsw,obs — overpass

Figure 2. Downwelling shortwave radiation — Rgyops (W m'z) measured at SONDA station
(Petrolina-PE; grey line), downwelling extraterrestrial solar radiation (at the top of atmosphere) —

Riw.toa (W m'z; black line) and time of satellite overpass (red line) for October 5, 2013 — DOY 278
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(a) and May 22,2016 — DOY 142 (b).

The measured instantaneous values of downwelling shortwave radiation at the SONDA station—
Rgw.obs at time of satellite overpass, ranged between 704 W m> (June 2, 2014 — DOY 153) and 956 W
m™ (Oct 27, 2015 — DOY 300) (Table S3). All shortwave models had MRE values smaller than 7%,
but the best model was the Rgy a1, which produced MAE, MRE, and RMSE values of 24.6 W m'z,
3.0%, and 32.2 W m™, respectively, and Pearson’s correlation coefficient of 0.941 (Fig. 3). The model
Rswz2 resulted in values of MAE, MRE, and RMSE close to those calculated for Rgyam, that were
28.7 W m?, 3.4% and 33.8 W m™, and Pearson’s correlation coefficient of 0.939. Bisht et al. (2005);
Bisht et al. (2010); and Silva et al. (2015) also reported values for Ry, that were close to their
measured values by adopting B = 0.2, although the  value originally adopted by Zillman (1972) was
0.1. On average the Ry, am model showed an improvement of around 3% (referring to MRE)
compared to Ry 21 and less than 1% compared to Ry z2.

There is a large difference between the smallest value (Jun 10, 2017 — DOY 161) of Ry 24 (Rewo4
=230.5 W m™) and the highest value (Dec 14, 2015 — DOY 348) of Rys (Rgys = 350.3 W m™)
(Table S3), as a result of the seasonality of solar radiation associated to the differences in cloud cover,

and also to the transmittance data.

EMAE EMRE ORMSE

80.0
60.7

60.0 1

40.0 A

54.5
322 33.8
246 28.7
20.0 1
00 B T T

Rsw,Aln Rsw,Z.1 Rsw,Z.2

Rsw (Wm™ or %)

Figure 3. MAE (W m?), MRE (%), and RSME (W m™) related to the comparison between
instantaneous measured Rs, and downwelling shortwave radiation obtained with models provided

by Allen et al. (2007)—Rgw,am, and Zillman (1972)—Rg, z with § = 0.10 and 0.20, respectively.

3.2 Atmospheric longwave radiation
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The observed values of atmospheric downwelling longwave radiation (Ryyobs) and the estimated
ones are in Table S4 in the supplementary material. The accuracy of the models, against
measurements taken with an Eppley pyrgeometer, installed at the SONDA station, was tested with the
statistical parameters MAE (W m?), MRE (%), and RMSE (W m?) (Fig. 4). The £, models that gave
the best R;, estimates were, in descending order of performance, those of Duarte et al. (2006),
Bastiaanssen et al. (1998), Sugita and Brutsaert (1993), and Santos et al. (2011), which resulted in
MAE values of 5.9 W m?, 10.7 W m™, 11.3 W m?, and 11.7 W m”; MRE values of 1.6%, 2.9%,
3.1%, and 3.2%; and RMSE values of 7.0 W m?, 13.0 W m”, 12.5 W m?, and 12.8 W m?,
respectively.

Based on the mean errors results we selected the model proposed by Duarte et al. (2006)
(referred to as the Duarte model); it showed a relative improvement in estimated R;,, of around 8% in
relation to the worst performing model (Idso and Jackson, 1969). Silva et al. (2015), who evaluated
nine out of the ten models used in the present study at the Mogi Guagu watershed (a subtropical
Brazilian River basin), also concluded that the Duarte model provided the smallest RMSE (7.4 W m™)

when compared to observed data.
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Figure 4. A comparison of the errors (MAE (W m?), MRE (%) and RMSE (W m?)) between
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values of in-situ measured longwave downwelling radiation, and R;, obtained with Stefan-
Boltzmann’s Law (Eq. 13), using ten different models of atmospheric emissivity; numbers at the

top denote the actual percentages.

3.3 Overpass and daily net radiation

The MAE, MRE and RMSE for the comparison between in-situ measured R, at the time of
overpass and R, .. Obtained with remote sensing (using Eq. 1, and related equations) were equal to
38.8 W m~, 6.3% and 45.3 W m™ for sugarcane; 60.8 W m™, 9.4% and 65.8 W m™ for pristine
caatinga and 84.6 W m~, 14% and 89.3 W m™ for the mango orchard, respectively. Therefore, the
estimated instantaneous values of R,, were very satisfactory for SC and PC, but not so much for MO.

The accuracy of R, 4 modeled with Eq. 14 and Eq. 15 was compared to the daily R, values
measured onsite, using MAE, MRE, and RMSE (Table 2). The results indicate that the values
obtained with the original model of Bisht et al. (2005), that is, Ry, 24 sst, produced very high errors. The
reason for these high errors is that the Bisht model disregards the negative values that occur during the
night period and part of the daytime period. This method considers the daily value to be the R, value
integrated over the instances for which R, > 0, and divides it by the interval of time corresponding to
that period. Instead, when we divide the integrated value for the time period during which R, > 0, by
the time corresponding to the entire daily period (86400 seconds), referred to as Bisht's corrected
method, the error indicator values decrease considerably, although they are still relatively large. In
contrast, when using the R, »4p.s model, in the same way as proposed in the Surface Energy Balance
Algorithm for Land — SEBAL (Bastiaanssen et al., 2000), the results were very satisfactory, even for

the mango orchard, with MRE reduced from 14% (at the overpass) to 9.3% (24 hours).

Table 2. MAE (W m?), MRE (%), and RMSE (W m™) of R, estimated by Eq 14 — Ry, 24 ps and
Eq. 15 — Ry24 st compared with at the sugarcane field (SC), pristine caatinga (PC) and mango orchard
MO)

Bisht method Bisht's method corrected De Bruin method
Rn,24 Rn,24 Rn,24 Rn,24 Rn,24 Rn,24 Rn,24 Rn,24 Rn,24
SC PC MO SC PC MO SC PC MO
MAE 316.2 288.8 252.9 44.6 239 22.7 8.2 9.7 14.5

MRE 193.5 161.1 160.4 28.0 14.2 15.0 4.9 5.5 9.3
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RMSE  317.6 290.2 253.7 46.4 25.8 24.6 9.3 12.6 16.4

In a different climatic region, Silva et al. (2015) obtained MAE, MRE, and RMSE values equal
to 8.3 W m?, 8.4%, and 10.4 W m?, respectively, for a sugarcane plantation, and 6.5 W m?, 6.3%,
and 8.5 W m'z, respectively, in a Cerrado forest formation, using R, »4p.s model. The RMSE values
obtained by Bisht et al. (2005) (Southern Great Plains, in USA), Ryu et al. (2008) (flat farmland site
and rugged forest in South Korea), Wang and Liang (2009) (grassland, cropland, and desert land
cover, in USA), Bisht and Bras (2010) (Southern Great Plains, in USA), and Jin et al. (2011)
(deciduous broadleaf forest, mixed forest, evergreen needleleaf forest and Shrubland, in USA) were
all higher than those obtained in the present study.

It is important to consider that the in-situ net radiometer instrument has an accuracy of 2.5% for
instantaneous measurements (note that we use averages that were recorded at 30-minute intervals for
SC and PC towers, and at 10-minute intervals in MO tower), increasing to 10% for daily
measurements (Silva et al., 2015). The same authors considered that, depending on the height of the
in-situ radiometer, the spatial resolution of TM and OLI/TIRS images is compatible with the coverage
area of the measurements performed with a 4-component radiometer. The radiometer installed on the
micrometeorological towers were 6, 8 and 14 meters above the ground for MO, SC and PC which
corresponds to a field of view of 11304, 20096 and 61544 m? respectively (considering a field of
vision of 180°). Hence, it is appropriate to compare measurements of in-situ R, against estimates by
remote sensing (with resolution of 30-100 m, i.e. areas of 900 to 10,000 m? per pixel).

In Fig. 5, we show the values of the daily net radiation measured at the SC, PC and MO (Ry24,0bs)
pixels versus the values obtained by Eq. 14 (Rn24pes) and Eq. 15, corrected as explained above,
(Rn24pst). It is clear that there is greater agreement between the measured data and those of Ry 24 pep,
which resulted in a greater Pearson correlation coefficient () and smaller Coefficient of Residual
Mass (CRM), with r ranging from 0.881 to 0.943, and CRM between 0.008 and 0.083. The
correlation between the measurements of R,,4 with those obtained according to Ry 4 Were lower

than those found for Ryspes for SC, comparable for MO and higher for PC, nevertheless.
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Nevertheless, the CRM (ranging from 0.132 to 0.271) indicates that R, .sps Overestimates the

measured data considerably, for the studied surfaces.
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Figure 5. Representation of Ry4es (Rn24 estimated, W m'z) by Eq. 14 — Ry24pes and Eq. 15 —
Ry 24 st compared with integrated observed values of net radiation for the three vegetated surfaces:

sugarcane (SC), mango orchard (MO) and pristine caatinga (PC) -Ry 24 obs

The data of Ry, 4ps Overestimate Ry40bs by disregarding the negative values of R,, occurring
throughout the night and for almost an hour after sunrise and before sunset. It is very important to
note that in applications where Ry, »4 is required to determine the evapotranspiration by remote sensing,
it would be advisable not to use the Bisht method, since it overestimates the R, »4 by more than 100%.
However, despite the poor performance of the sinusoidal model (Eq. 15) on a daily basis, it presents

good agreement with instantaneous R,(t) values when R, is positive (Fig. 6).
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Figure 6. Performance of sinusoidal model for Ry(t) (Eq. 2) as compared with R, s (t) over a
sugarcane field (SC), mango orchard (MO) and pristine caatinga (PC). The legend indicates the day
number and year of points on the plots (for each day the values were computed at the same interval
as the measurements were conducted at the micrometeorological towers — 10 minutes for the MO

and 30 minutes for SC and PC).

398 3.4 Instantaneous estimates of albedo, LST and net radiation
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Land use change, as a result of the replacement of primary vegetation by grassland, agricultural
crops, and urban occupation, can substantially affect the exchange of heat and mass in the soil-plant-
atmosphere system. Fig. 7 shows the spatial distribution of albedo, NDVI, land surface temperature—
LST (°C), and surface emissivity—e, obtained from remote sensing on January 9, 2014. In these maps
there is an obvious presence of the Sdo Francisco riverbed crossing the study area from west to
northeast; it stands out due to low albedo values (water bodies generally have values of 0.05-0.08) and
low LST wvalues (< 20 °C, much lower than the air temperature). Irrigated and urban areas show
considerably different pixel values and patterns of NDVI, LST, and .

The urban areas of the municipality of Petrolina and Juazeiro cities have high albedo values,
which means greater reflection of downwelling shortwave radiation, and the LST is high, which
increases the emitted longwave radiation. Consequently, the instantaneous net radiation over urban
areas (as calculated using Eq. 1) is smaller than that over the vegetated surfaces, especially the
irrigated plots, where albedo and LST are much lower.

Selected images, as shown in Fig. 8, presented Ry over (W m™) for: a) January 9, 2014 — DOY 9;
b) September 22, 2014 — DOY 265; c¢) August 24, 2015 — DOY 236; and November 12, 2015 - DOY
316. The values of R, 4 Obtained over the entire study area are highest for January 9, 2014 (Fig. 7-d
and 9-a), ranging from 260.8 W m™ to 722.0 W m™. On August 24, 2015 (Fig. 8-c) the values are the
lowest, although the patterns are basically the same as those shown in the other maps, as a
consequence of the lower downwelling shortwave radiation—Rg, on this day, caused by low T,
(related to atmospheric conditions), dr (due to higher earth-sun distance) and cos(Z) (due to
seasonality), (see Tables S2 and S3).

For reasons explained previously the river exhibits the highest values of R, over, followed by the
caatinga vegetation and the irrigated plots, particularly those located to the southeast of the Sao
Francisco river. The net shortwave radiation for the caatinga vegetation is generally higher than in the
agricultural areas, due to its lower albedo; however, the longwave radiation emitted by caatinga is also
expected to be higher (higher LST). The caatinga often presents low LAI (except in the wet season)
(Miranda et al., 2020), which means a lower emissivity (Fig. 7d), due to the fact that the emissivity of

soil is generally lower than that of leaves; therefore, despite the fact that the Caatinga has high values
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of LST?, it has a lower emissivity than the irrigated areas. This combination makes the caatinga R,
similar to that of agricultural land during large parts of the year (Carvalho et al., 2018a).

Although R, of the irrigated areas is similar to that of the caatinga areas, the irrigated areas use a
large part of this energy for transpiration (Carvalho et al., 2018; Teixeira et al., 2008), as it has higher
soil moisture contents, which leads to a lower LST which may impact the local climate over these
areas. It is very likely that these crops are using energy advected from nearby drier areas (e.g. pasture
or thin caatinga with exposed soil, with much higher sensible heat fluxes) (Oliveira & Leitao, 2000),
causing the surface temperatures of the irrigated areas to decrease even more.

It can be observed that in the areas dominated by pasture and urban infrastructure, the values of
LST and albedo are higher, and NDVI and R, .. are lower, than those calculated for caatinga and
crops. For pasture, this may be due to lower plant density, which results in more dry exposed soil,
with higher albedos and lower rates of cooling evaporative fluxes, which will increase LST. Another,
related, factor contributing to high rangeland LSTs is the fact that grasses have shallow roots and can,
therefore only access near-surface soil moisture, which is more rapidly depleted.

Bezerra et al. (2013) showed that rural areas presented air temperatures that were lower
(difference on the air minimum temperature recorded of 5.9 °C and for the air maximum temperature
of 2.3 °C) than the temperature measured for the city of Petrolina. It is a fact that the caatinga
vegetation can present various physiognomies (from woodlands to sparsely distributed thorny shrubs;
Silva et al., 2017), and each of these has a different vegetation structure. The grazing that occurs at
some Caatinga sites also impacts the vegetation density, and consequently its spatiotemporal
dynamics, and related surface variables such as NDVI (Silveira et al., 2018), LST, albedo and
emissivity. Ultimately, this will affect the micro- and regional climate and soil-land-surface-

atmosphere fluxes.
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Figure 7. (a) Instantaneous albedo, (b) NDVI, (c) LST, and (d) & on January 9, 2014 — DOY 9.

In an oasis area, Bastiaanssen et al. (1998) reported R, over values close to 600 W m™ and smaller
than 400 W m™ for desert pixels in summer. At the Mogi-Guagu watershed in southeast Brazil, a
semi-humid region, Silva et al. (2015) recorded R, values, during 2005, similar to those observed in
this study over urban and agricultural areas, despite the fact that climatic conditions were different.
Bare soil R, values ranging between 310-430 W m™ (between spring and summer) were detected in a
semi-arid area of Brazil (Di Pace et al., 2008) and between 500—550 W m™ (in summer) in a region
with high advective effects (Chavez et al., 2007). However, it is important to consider that values of
R, depend on the complex interactions within the soil-plant-atmosphere system, and on the local
seasonal evolution and patterns of rainfall and downwelling radiation components, as well as on the
highly dynamic nature of the crop management and irrigated agricultural activities taking place in this

important area of agricultural production.
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Figure 8. Instantaneous net radiation during satellite overpass—Ry over (W m?) as calculated from
remote sensing information on: a) January 9, 2014; b) September 22, 2014; c) August 24, 2015 and

d) November 12.

3.5 Estimates of daily net radiation

In Fig. 9, maps of Ry, 24 pep values for June 2, 2014 (DOY = 153) and November 12, 2015 (DOY =
316) are shown. The R,.pep patterns are similar to those obtained for R,y (see Fig. 8). The
seasonality of R, can be observed in this figure; in June most of the R, 24 pe values were between 60
and 160 W m™ (close to the winter solstice, with Rgy24 0f 245.1 W m™ and Tsw24 O 0.709, see Table
S3), whereas a substantial increase in R, was found for November, resulting in values between 80 and
200 W m™ (close to the summer solstice, with Ry 24 0f 326.7 W m™ and Tow24 0f 0.721, see Table S3).

Silva et al. (2011), for a semiarid region, found R 4 pes values between 146.8 (September 14, 2008)
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and 164.7 (December 19, 2008) W m™ for an irrigated banana orchard, and between 95.6 and 112.5 W

m (on the same dates) for bare soil.
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Figure 9. Daily net radiation—R,, 54 pes (W m™) on: a) June 2, 2014 (DOY 153) and b) November

12,2015 (DOY 316).

3.6 The effect of land use changes on net radiation

Fig. 10 presents the box-plot diagrams for the same variables as presented in Fig. 7, NDVI, LST
(K), albedo, surface emissivity, gy, and for Ry gver (W m'z), generated from the pixel data for the four
contrasting land-cover types (100 random points extracted for each land-cover type, see Section 2.1).
The irrigated pixels have a higher NDVI and g, and lower LST than the other types, while Ry over 1S
similar and albedo is slightly higher than the values found for caatinga (as mentioned above). The
variability (as indicated by the interquartile range) of NDVI, g, and LST of irrigated areas is much
higher than that calculated for other areas, indicating that the existence of different crops and their
different cultivation phases, result in greater spatiotemporal variability than the variability caused by
seasonality for pasture and Caatinga.

Figure 10 shows that the highest R, values were mostly found for irrigated agriculture and the
caatinga. We would expect high values for the irrigated agriculture, because their low LST values and

low albedo values result in large values of net longwave and net shortwave radiation. However, high
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R, values are not so obvious for the caatinga because it has high surface temperatures, hence in
principle should have high longwave upwelling radiation. However, its relatively low value of surface
emissivity, €y, tempers the losses resulting from longwave upwelling radiation to a certain degree.
Note also, that the albedo values for caatinga are the lowest among all land cover types (including
crops), which results in larger values of net shortwave for this surface cover. Pasture has the lowest R,
values among the vegetated land cover types. This is caused by the fact that its LSTs are even higher
than those for caatinga and its g, is comparable to that of caatinga so that its net longwave radiation is
the lowest (i.e. more negative than for the other surface types). At the same time, the albedo for
pasture is considerably larger than that of caatinga, causing net shortwave radiation also to be low for
pasture. Interestingly, the LST values for urban areas are comparable to those of caatinga and pasture,
in some cases they are even lower; also, urban emissivities are comparable or lower than those of
caatinga and pasture, so that urban net longwave radiation is higher or comparable to that of caatinga
and pasture. Yet, their R, values are the lowest of all surface types, because of their high albedo.

In summary, if pristine caatinga (PC) is turned to rangeland then albedo will increase, LST will
be slightly higher and R, lower. If it is changed to urban areas, albedo will increase, but LST will in
fact be similar or slightly lower, and R,, will be lower. If it is turned to irrigated crops, albedo will be
slightly higher, LST 3-5 degrees lower, yet R, will remain similar to the values calculated for PC, as a
result of the considerably lower surface emissivity for caatinga. Fig. S1 (in the supplementary
material) illustrates the impact on the net radiation, discussed above, caused by land use change over
the study period, for two subsets of the study area.

These data illustrate that land use substantially affects net radiation, via its upwelling shortwave
and longwave components. This will affect the available energy (net radiation minus storage of heat
in the vegetation and soil) and possibly aerodynamic roughness parameters (e.g. crops will have a
lower roughness length and displacement height), which will affect the exchange of water vapour and
heat between the land surface and the atmosphere (data not shown). These combined effects will have
an impact on the climate locally, via land-surface atmosphere feedbacks, if the size of the changed

area is relatively large and fairly homogeneous, as in the case for caatinga in this study.
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Figure 10. Box-plot diagrams of the LST (K), Ryover (W m?), NDVI, , Albedo and surface

emissivity for agriculture (irrigated), urban infrastructure, caatinga vegetation and pasture.

4. Conclusions

The effects that climate and seasonality have on the downwelling components and that land use
has on the upwelling components of the surface radiation balance were evaluated for a semiarid area

in Brazil (within the Brazilian Caatinga), consisting of a mosaic of remaining areas of pristine natural
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seasonally dry forest vegetation (caatinga), irrigated agriculture and semi-natural rangeland. We used
two models to calculate downwelling shortwave radiation, and ten models of clear-sky atmospheric
emissivity to calculate downwelling longwave radiation following the Stefan Boltzmann’s equation.
We used Landsat 8 satellite images to derive the required biophysical variables, such as albedo and
land surface temperature, and climate variables measured at a nearby weather station were used to
calculate longwave downwelling radiation. The selected shortwave and longwave models performed
well when compared against in-situ SONDA station measurements as evaluated using the MAE,
MRE, and RMSE metrics.

The spatial patterns obtained show that the land-use, in particular the caatinga vegetation cover,
substantially affects those components of the net radiation that depend on the type and state of the
land surface cover, such as reflected shortwave radiation and emitted longwave radiation. It is
important that reliable equations are employed to calculate the separate components of net radiation,
so that subsequent estimates of sensible and latent heat flux are more accurate.

In this context, we show that the sinusoidal model (Bisht, 2005), used for determination of the
daily net radiation from instantaneous values of R, determined from remote sensing, considerably
overestimates daily net radiation estimates, Ry, 24, as a consequence of the fact that this model does not
consider the negative values of R, that occur throughout the night period and part of the daytime
period. On the other hand, the De Bruin model, that only uses remote sensing-based values of net
shortwave radiation (and an empirical term, derived from weather data, to represent net longwave
radiation), performed very satisfactorily.

In the rangeland, the albedo, land surface temperature, LST, and hence the upwelling shortwave
and longwave radiation components, had greater values than in the pristine caatinga, which
contributes to a reduction in the net radiation at the surface, and most likely an increase in sensible
heat flux via higher LSTs (data not shown). In the urban areas, the LST and the surface emissivity are
comparable to those found for the caatinga and pasture values, but the albedo values are the highest of
all surface types, which resulted in the lowest net shortwave radiation and consequently, the lowest

R,. The albedo in the irrigated agricultural crops is 0.01-0.03 greater than in the pristine caatinga, and
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the LST is 3—5 degrees smaller; yet, R, for these two land uses is similar, as a result of considerably
lower surface emissivity for caatinga.

We provide evidence that when in-situ data of net radiation are not available, remote sensing
data, combined with more readily available data such as air temperature, pressure and humidity, can
be used to derive reliable spatiotemporal estimates of R, that can identify environmental and
anthropogenic, and short-term as well as long-term, impacts on the land surface radiation balance, and
ultimately on the energy balance. We would like to emphasize that remote sensing studies, such as the
one presented here, are crucial in the determination of the available energy for the turbulent fluxes
(e.g. evapotranspiration, ET) between the surface and the atmosphere, on the regional scale. Reliable
estimation of ET is of great importance in the context of irrigation planning and wider water

management, again underlining the need for reliable and accurate data.
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