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Abstract

This study compared data from the MODerate-resolution Imaging Spectrora-
diometer (MODIS) onboard NASA’s Terra satellite and the Spinning En-
hanced Visible and Infrared Imager (SEVIRI) on EUMETSAT’s Meterosat
Second Generation (MSG) satellite with in situ data obtained from ground
observation stations in Congo-Brazzaville. Remote sensing instruments can be
used to estimate air temperature, which has an important role in monitoring
the effects of climate change. Congo-Brazzaville is located in equatorial forest,
which is difficult to access, and has a limited number of ground meteorologi-
cal stations measuring air temperature. This study used MODIS and MSG da-
ta for the period 2009-2014 to assess the performance of land surface temper-
ature data from satellites against in situ data from ground-based stations in
Congo-Brazzaville using a linear regression model. This work has allowed us
to determine which satellite is best adapted for use in Central Africa.

Keywords

Air Temperature, Land Surface Temperature, MODIS, MSG, Tropical Climate,
Central Africa

1. Introduction

Central Africa has a rich biodiversity, but there have been few studies of the dy-

namics, mass balance and regional climatology of this part of the world. Land
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surface temperature (LST) data from remote sensing satellites have been used to
study the atmospheric processes in this region, either as a substitute for, or in
combination with, more spatially limited ground measurements of the near-
surface air temperature. However, there is a need to improve the assessment and
reconstruction of the spatial and temporal variability of the measurements of air
temperature at the ground surface recorded by instruments onboard satellites.

Remote sensing technology is a powerful tool to regularly monitor and eva-
luate the Earth’s surface. A major challenge for the scientific community is to
ensure that these sensors are correctly calibrated. Post-launch, the onboard in-
struments are radiometrically calibrated by simulating signals from the surface
and the atmosphere based on a single site, which will cause errors between dif-
ferent satellite sensors. The lack of good quality remotely sensed data from dif-
ferent countries and different satellites with multi-source consistency has the
potential to limit the scope of remote sensing.

It is therefore important to assess the quality of remote sensing data in Central
Africa and to develop a feasible strategy for the quality control of these data (e.g.
the AMESD and MESA projects) to ensure the performance of satellites, the
quality of the data obtained from them and to guarantee accuracy. This paper
reports a comparison of remote sensing data with temperature data measured at
ground level to determine whether data from satellites can be used in research
work in Central Africa and in the Congo region in particular.

The LST is an important measurement in the global system of data collection
by specialized international organizations [1]. LST data have previously been
used to improve the quality of prediction in global weather models [2] [3]. The
LST is an important parameter in interdisciplinary biological studies, in moni-
toring ecosystems [4] [5] [6] [7] [8] and in determining the energy balance be-
tween the Earth’s surface and the atmosphere. The LST is observed by a number
of different satellites, each of which is equipped with several different instru-
ments. NASA’s Terra satellite is equipped with MODIS (MODerat-resolution
Imaging Spectroradiometer), which measures the reflectance of the Earth in 36
spectral bands at a medium spatial resolution and has been designed to monitor
medium- and large-scale processes. EUMETSAT’s Meterosat Second Generation
(MSG) satellite is equipped with the SEVIRI (Spinning Enhanced Visible and
Infrared Imager) sensor and transmits a scene recorded in 12 channels of visible,
mid-infrared and thermal infrared every 15 minutes with increased spatial reso-
lution [9]. This study used LST data from the MSG and MODIS Terra satellites.

A number of studies have validated the algorithms for the MODIS LST prod-
ucts, taking into account the influence of meteorological parameters such as
wind speed and air temperature, the zenith angle of the sensor view [10] [11],
the radiometric resolution and the calibration in several thermal infrared bands.
The LST products have been used to analyze land use [12] [13] and land cover
[14] [15] [16] and the thermal imager has been used to forecast freezing condi-
tions [17].
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Satellite technology based on imaging in the thermal infrared region presents
an opportunity to measure ground temperatures at different spatial and tempor-
al scales for use in in-depth studies of biological, hydrological and climatological
ecological systems and in the identification of surface-atmosphere interactions
and feedbacks [18] [19] [20] [21].

The Congo-Brazzaville district is important in terms of climate change and
agriculture, but is almost inaccessible, which makes conventional meteorological
observations on the ground very difficult. Although satellite can provide remote
sensing data, these data are difficult to verify as a result of the lack of in situ ob-
servations. This study compared the available ground surface data from meteo-
rological measuring stations with data from the satellite products to calibrate the
satellite data for use in future studies on climate change.

The aim of this study was to assess the performance of the MODIS LST prod-
uct aboard NASA’s Terra satellite and the LSF edge onboard the MSG satellite to
characterize the spatio-temporal variations in the LST over a six-year period
from 2009 to 2014. To achieve this, the MODIS and MSG data were compared
with the surface temperature measured at meteorological stations in Congo-
Brazzaville.

This study first determined the number of days on which these two satellites
made observations over Central Africa, which corresponds to the number of
days with clear skies. The daily and annual temporal distributions of the LST
were compared using statistical analysis. The LST behavior was then analyzed
with the inclusion of climatic factors.

This paper is structured as follows. Section 2 describes the study area, data
and methodology. Section 3 presents the results and their interpretation based
on our analysis. Conclusions and recommendations drawn from our findings are

outlined in Section 4.

2. Materials and Methods

2.1. Data and Study Area

2.1.1. Data
Two kinds of data were used: 1) satellite image products from MODIS and MSG
(Table 1); and 2) in situ data from ground weather stations (Table 2).

The meteorological data were obtained from synoptic stations located through-
out the country, covering the whole geographical area of Congo-Brazzaville
(Figure 1, Table 2). All of the stations are located in open spaces covered by
lawns. The air temperature was measured under cover at 1.5 m above ground
level at 1-h intervals. The data were obtained from the Directorate of Meteorol-
ogy of Congo-Brazzaville. The temperature data were collected during the syn-
optic hours, but we focus on here on the data coinciding with the times of satel-
lite overpass.

The NASA’s Terra and Aqua satellites began operational observations using
MODIS on 24 February 2000 and 4 May 2002, respectively, and the daily observation
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Table 1. Satellite image products used in the study.

Satellite Period Format
Terra MODIS 2009-2014 hdf
MSG 2009-2014 hdf

Table 2. Meteorological stations by climate type in the Congo-Brazzaville.

Meteorological station Latitude Longitude Altitude (m) Type of climate
Souanké 2°04'48"N 14°07'48"E 549
Ouesso 1°36'48"N 16°03'06"E 352

Equatorial

Impfondo 1°38'17"N 18°04'00"E 335
Makoua 0°0024"N 15°37'59"E 394
Kelle 0°06'00"S 14°29'00"E 408
Mpouya 0°53'01"S 14°48'15"E 311

Gamboma 1°52'35"S 15°51'51"E 476 Subequatorial
Djambala 2°32'40"S 14°45'11"E 791
Ewo 0°52'00"S 14°49'00"E 438
Makabana 3°29'00"S 12°37'00"E 161
Dolisie 4°11'54"S 12°39'59"E 329
Sibiti 3°40'54"S 13°20'59"E 530

Mouyondzi 3°59'32"S 13°55'44"E 509 Tropical

Brazzaville 4°15'56"S 15°16'59"E 319
Pointe-noire 4°46'33"S 11°51'48"E 17
Nkayi 4°18'00"S 13°28'00"E 173

times were set at local times of about 01:30, 10:30, 13:30 and 22:30 h. We used
the LST product MOD11C1, which is derived from MODI11B1 in bands 31
(10.78 - 11.28 pm) and 32 (11.77 - 12.27 pm) The dataset is available in hierar-
chical data format (HDF) at https://Ipdaac.usgs.gov.

The MSG is a geostationary satellite covering Europe, Africa, and parts of the
Atlantic and Indian oceans. It provides images at 15-min intervals [22]. The LST
MSG data were recovered in the 10.8 and 12.0 um thermal infrared spectral
bands using the generalized split-window algorithm, which corrects for atmos-
pheric effects on the basis of differential absorption in two adjacent infrared
bands [23] [24] [25] [26] [27]. The dataset is also available in HDF at
https://landsaf.ipma.pt.

2.1.2. Study Area

Congo-Brazzaville (Figure 1) covers 342,000 km” and is located in Central Afri-
ca between (3°30'N and 5°S) and (11 and 18°E). It is bordered to the west by
Gabon, to the northeast by Cameroon, to the north by the Central African Re-
public, to the east and southeast by the Democratic Republic of Congo, and to
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Figure 1. Map of the Congo-Brazzaville showing the types of climate and the locations of weather stations (reproduced from the

Atlas du Congo (2001), 2 edn).

the south by the Angolan enclave of Cabinda.

Congo-Brazzaville consists entirely of ancient basement rocks, which outcrop
throughout the south of the country. In the north, they are covered by a thick
layer of sedimentary rocks, which are most widespread in Batéké and the Con-
golese Cuvette.

The soils of Congo-Brazzaville are classified as ferralitic soils. Two types of
vegetation cover the entire territory—forest and savanna—with a dominance of
forest (60% coverage) [28].

There are three types of climate in Congo-Brazzaville. The climate in the
north of the country is equatorial with high humidity. In the center, the climate
is subequatorial and is strongly influenced by areas of intertropical low pressure
from October to May and southern subtropical high pressure from June to Sep-
tember. The average annual temperature is about 23°C. The climate in the
southwest is humid tropical with monthly average temperatures between 21°C
and 27°C [29] [30].
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2.2. Methodology

Data derived from the satellite LST products were downloaded from Land-
saf.ipma.pt for the MSG data and Ipdaac.usgs.gov for the MODIS Terra data.
The data for each day at the time of passage of the satellite over Congo-Brazzaville
were stored in two separate data folders for the analysis period 2009-2014. The
data files were extracted to provide time series by hour, day and year [31]. To
reduce the time required to read and analyze these data, Matlab and ENVI were
used to write processing codes.

The codes were intended: 1) to read HDF files to re-projection; 2) to resize the
data according to the study area; and 3) to extract the values of each pixel based
on the geographical coordinates of each station to generate a file of the time se-
ries for the data. The time series were limited to the available observations of the
satellites, which were limited by the presence of clouds. Another code was writ-
ten to match the dates of the LST time series with the in situ data for each sta-
tion. We numerized the in situ data and used a regression method to determine
the correlation coefficient between the MODIS and MSG data and the in situ
data. The number of cloudless days is defined by Equation (1):

N
Percentage number of data cloudless days = N—Cd*lOO% (1)
Y

where N, is the number of data points for cloudless days and N, is the
number of days per year.

To determine the relationship between the MODIS and MSG LST data and
the in situ data, we used the Pearson correlation coefficient (1) and the root
mean square error (RMSE). These values show the strength of the link (positive
or negative) between the variables. According to the regression model, the r cor-
relation determines a dimensionless scale in the range 0 - 1 and can be expressed
as a percentage. The RMSE statistic (Equation (2)) [32] was used to assess the
level of agreement between the observed and estimated temperatures for each
site. Statistical analysis was conducted using the Originlab statistical software
package.

10 , |2
RMSE = (EZ(TLST —Tos) j (2)

i=1

3. Results and Discussion
3.1. Determination of the Number of Cloudless Days

Figure 2 shows the percentage of LST measurements obtained from the MODIS
and MSG satellites each year from 2009 to 2014. These values correspond to the
days when the sky was clear and the satellites were able to make measurements.
The satellite data were not generated continuously because the cloud cover in
this region may last for several consecutive days. Congo-Brazzaville is located in
an area where there may be persistent cloud coverage of 100%—for example, for

the Pointe-Noire station, over the six years studied, LST measurements were
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Figure 2. Annual percentage of days on which LST measurements were made by the MSG and MODIS satellites from 2009 to
2014 by climate type.

only possible on an average of 37.5% days. The lowest average was at Brazzaville
station, where measurements by the MSG satellite were made on only 13.8% of
days. These stations are located in the tropical humid climate zone. The LST
MODIS data also show that stations in the tropical climate zone have lower per-
centages of measurements per year compared with stations in other climatic
zones, with the average over six years varying between 48.86% and 18.9%. The
highest percentage of measurements per year was obtained at Mpouya station
(51.78%), located in the subequatorial climate zone, and the lowest at the
Mouyondzi station (13.7%), located in the tropical humid climate zone. The low
percentage of LST values is explained by deficiencies in the split windows tem-
perature extraction method [33]. Cloud contamination remains a major problem
for LST data [34] [35].

The six-year average percentage of days with measurements for each climatic
zone indicates that the subequatorial climate zone (average 33.3% for MSG and
37.4% for MODIS) has the fewest clouds, whereas the equatorial climatic zone
(average 29.73% for MSG and 35.9% for MODIS) has the most clouds. The
tropical climate zone has an average percentage of days with measurements of
22.2% for MSG and 24.2% for MODIS.

The cloud cover data retrieved from the ECMWF analyses (Figure 3) show
the proportion of low and high level clouds averaged for each month between
2009 and 2014 and illustrates the extent of cloud cover in this region. The pres-

ence of low clouds toward southeast Congo-Brazzaville between January and
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September characterizes the dry season. The maximum cloud cover is located
along the Gulf of Guinea coast.

The relative humidity gives the level of saturation of water vapor in the lower
troposphere (between 700 and 850 hPa). A high relative humidity is an indicator
of possible cloud formation and precipitation and strongly affects visibility in the
atmosphere by influencing the height of clouds and the formation of fog.

Figure 4 shows that the average relative humidity at 700 hPa in the period
2009-2014 was >70% throughout the year. The humidity at 850 hPa varied be-
tween 80% and 100%. This high relative humidity is the consequence of the reg-
ular humid trade winds and Atlantic monsoon in this part of the world. Their
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Figure 3. Average monthly cloud cover from 2009 to 2014 for low and medium level clouds.

influence is locally accentuated by the extensive forest cover and the large num-
ber of lakes, rivers and wetlands [36]. Toward the southeast (Brazzaville) at 700
hPa, the relative humidity varies between 60 and 80% and extends to the south-
west (Pointe-Noire). This corresponds to the dry season in the southern hemis-
phere in June-September. At 850 hPa in the northern hemisphere, the average
relative humidity varies between 70 and 80% from November to July. When the

relative humidity at the surface increases, the clouds change from shallow to
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deep convective types as a result of an increase in the available potential energy
[37] [38].

The results shown in Figure 3 and Figure 4 confirm that the presence of
cloud cover over the Congo-Brazzaville is responsible for the low number of
daily satellites observations shown in Figure 2.

Figure 5 shows the annual cycle in the variation in temperature between the
air temperature measured at the ground stations and the LST product from the
MSG and MODIS satellites. During the period June-September, corresponding
to the dry season, the temperatures generally decreased (e.g. at the Gamboma

Brazzaville and Pointe-Noire stations). By contrast, the seasonal variations were
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Figure 4. Average monthly relative humidity at (a) 850 and (b) 700 hPa.
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more moderate [39] in the region with an equatorial climate (e.g. Ouesso sta-
tion). The differences between the MODIS LST and MSG LST data and the air
temperature measured at the ground stations show that data from both sensors

are strongly controlled by the frequency of cloud cover [40].

The data from Gamboma station show that the MODIS LST values overesti-

mated the temperature with respect to the air temperature observed at ground

level. At Ouesso station, the MODIS LST values underestimated the air temper-
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ature observed at ground level by 0°C - 15°C. At Brazzaville and Pointe-Noire
stations, the MODIS LST underestimated the air temperature observed at
ground level (Figure 5, upper panels).

The data from Gamboma station show that the MSG LST values overesti-
mated the air temperature observed at ground level, with differences between 0
and 15°C. At Brazzaville and Ouessos the MSG LST values overestimated the air
temperature observed at ground level by between —5°C and 5°C with respect to
air temperature. Pointe-Noire also shows an overestimation with differences
between —10°C and 15°C (Figure 5, lower panels).

Data from Pointe-Noire, Makoua, Brazzaville, Gamboma, Mpouya, Djambala
and Dolisie stations show that the MSG LST values overestimated the air tem-
perature observed at ground level with a mean bias between 1.6607°C and
8.87281°C. At Ouesso and Makabana stations the MSG LST values overesti-
mated the air temperature observed at ground level with a mean bias between
—3.44094°C and —0.56705°C, respectively (Table 3).

The data from Ouesso, Brazzaville, Dajambala and Gamboma stations show
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Figure 5. Reconstitution of the times series between the LST data and air temperature for 2014: (a) Pointe-Noire, (b) Brazzaville,
(c) Gamboma, (d) Ouesso, (e) Mpouya, (f) Ewo, (g) Kelle, (h) Makabana, (i) Mouyondzi, (j) Djambala and (k) Makoua stations.

that the MODIS LST values overestimated the air temperature observed at
ground level with a mean bias between 0.87302°C and 4.38296°C. At Black Peak,
Makoua, Mpouya, Makabana and Dolisie stations the MODIS LST values unde-
restimated the air temperature observed at ground level with a mean bias be-
tween —1.01464°C and —1.76591°C for the year 2009.

In general, the values of the MSG LST's overestimated the observed tempera-
ture, whereas the MODIS LST values underestimated the observed temperature

(Table 3). These results are in agreement with previously reported work [41].

3.2. Correlation between the MODIS LST and MSG LST
Measurements and the In Situ Air Temperature

Tables 4-6 show that the stations located in the equatorial climate zone have
moderate correlation coefficients of 0.23 for the MSG LST and 0.64 for air tem-
perature. The RMSEs vary between 1.7°C and 2.7°C and MAEs ranged from
1.6°C to 4.66°C from 2009 to 2014. There is a moderate correlation coefficient
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Table 3. Mean difference between the MSG LST air temperature and the MODIS LST air temperatures.

2009 2010 2011 2012 2013 2014
Station
MSG MODIS MSG MODIS MSG MODIS MSG MODIS MSG MODIS MSG MODIS
Quesso —3.44094 0.87302 - 0.80273 —-3.42182 0.63081 —4.15 0.95 —4.05044 0.85299 —3.55078

Makoua 2.72362 -1.01464 2.88403 -0.85806  3.63535 -0.4731 4.21204 0.02815 4.66302 0.23603  3.97242 -0.21613

Souanké - - - - - -1.02026 -3.33684
Impfondo - 1.76147 —4.48695 - - - 0.80537 —4.01519
Gamboma  7.32239  1.24963 6.26196 0.03982 8.76632 2.13415  7.51587 0.85731 - 7.79176  1.23847

Mpouya 2.34608 —-2.31288 2.4484 -2.24296  2.6433 —2.21268 - 3.09092 -0.95 2.79913  -1.89577

Djambala  7.54859  4.38296 8.22854 3.14753 8.74611 4.39333  9.85023 5.68818 6.85508 3.04905  9.21218  3.90051
Ewo 4.09906  —0.04969 - 5.28741 1.2869 5.20708 0.37396 5.66636 0.76013 5.627 0.58475
Kelle 4.25409 0.5997  3.55722 -0.24074  4.33808 0.79269  5.42381 1.13794 6.22968  1.8027 5.46435  1.27581

Pointe-noire 1.66071 —1.53881 2.02239 -1.8587  2.96366 —-1.51195 2.37082 -0.9511 4.17103 0.11765  3.83035 -0.49456

Brazzaville 8.87281  0.84813 9.22904 1.12846 8.7122 0.40805  8.53848 -0.41303 8.91429 1.85122 8.8465 0.763
Nkayi - 4.94377  0.2418 6.8217 2.18574  5.33276 0.88241 5.26277 1.49468

Makabana -0.56705 -1.76591 0.66229 -0.39167  0.41595 —0.19541 0.09386 —1.46636 —0.07781 —0.44813  0.4448 0.1452

Dolisie 2.70597 -1.20701 3.96203 -0.72875  4.8983 0.33679  3.26102 -0.34918 3.97625 0.45313  3.74911  0.78911
Sibiti 1.07054 —1.94459 3.6669 -0.74103  1.85917 -1.97 1.89441 -1.51706 2.80912 -0.71824 -

Mouyondzi 4.34278  0.13278 7.36956 3.35756  6.43947 1.55684  4.26059 1.00706 5.88628 2.03233 5.3403 1.92818

Table 4. Correlation coefficient () and RSME between the LST data and the air temperature in regions with an equatorial climate.

2009 2010 2011 2012 2013 2014

Station MSG MSG MSG MSG MSG MSG

r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE

QOuesso  0.27 4.2198 2.0113 - 0.42 1.8866 2.1618 0.23 1.9137 2.2779 0.47 1.778 1.897 0.57 1.6184 1.7874

Makoua 0.421 3.252 2.7999 0.64 3.3202 2.6387 0.28 4.0109 2.7451 0.576 4.308 2.3812 0.639 4.663 1.9467 0.482 4.134 2.141

Souanké - - - - - 0.257 2.0966 2.237
Impfondo - 0.587 2.5539 2.5145 - - - 0.442 1.8706 2.1626
MODIS MODIS MODIS MODIS MODIS MODIS

r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE
QOuesso  0.025 1.9847 3.6412 - 0.17 3.8925 3.1334 0.246 4.4158 3.0466 0.19 4.1673 3.2679 0.39 3.6513 2.6555
Makoua 0.429 2.0001 2.2853 0.64 2.056 2.4099 0.163 2.459 2.8846 0.435 2.0493 2.371 0.595 1.8665 2.2113 0.24 2.1442 2.562
Souanké - - - - - 0.252 3.4505 2.5036

Impfondo - 0.383 4.5863 3.0968 - - - 0.413 4.0812 2.8897
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Table 5. Correlation coefficient () and RSME between the LST data and the air temperature in regions with a subequatorial cli-

mate.
2009 2010 2011 2012 2013 2014
Station MSG MSG MSG MSG MSG MSG
r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE

Gamboma 0.486 3.252 2.6271 0.477 6.3539 2.9769 0.156 8.7861 3.2467

Mpouya 0.41 2.6485 2.2268 0.33 2.9252 2.5934 0.43 29744 2.461

Djambala 0.165 7.6444 3.3217 0.073 8.2699 3.7399 0.197 8.7461 3.7807

Ewo 0.062 4.5313 3.0823

Kelle 0.39 4.548 2.8472 0.73 3.6806 2.363

0.0781 5.3967 2.9856 0.

0.13  4.7142 3.1175 0.452

0.265

0.202

7.5159 2.8712

0.414 7.8205 2.7227

0.31 3.2441 2.2392 0.3076 2.9578 2.0013

9.853 3.4828 0.319 6.8551 3.5592 0.07 9.2663 3.8801
1 5.4606 3.0693 0.33 5.6731 3.1583 0.172 5.8218 3.20122

5.4298 2.5218 0.487 6.2297 2.2119 0.416 5.5353 2.2229

MODIS

MODIS

MODIS

MODIS

MODIS MODIS

r MAE RMSE

r MAE RMSE

r  MAE RMSE

r MAE RMSE

r MAE RMSE r MAE RMSE

Gamboma 0.389 2.6001 2.8956 0.442 2.5364 3.185 0.018 4.3119 3.9188 0.

Mpouya 0.1 3.4844 4.1532 0.28 3.1663 3.478 0.

Djambala 0.01 5.292 3.7115 0.138 4.3107 4.1273 0.159

Ewo 0.05 3.5303 3.9396

Kelle 0.4 1.9433 2.2875 0.53 2.2185 3.0956 0.078

0.057

17 3.7533 4.2221

5.0236 4.4919 0.063

28 2.7596 3.3205

0.313 3.106 3.4836

0.12 3.1495 4.078 0.01 3.0896 3.5353

6.2882 4.5324 0.062 4.7929 3.9122 0.24 5.1695 3.7115
3.2366 3.5732 0.245 2.834 3.5162 0.212 2.8749 3.3831 0.312 3.0485 3.78699

2.3846 2.5739 0.372 2.3494 2.7394 0.43 2.4941 2.4727 0.38 238 2.4434

Table 6. Correlation coefficient (1) and RSME between the LST data and the air temperature in regions with a tropical humid

climate.
2009 2010 2011 2012 2013 2014
stations MSG MSG MSG MSG MSG MSG
r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE
Pointe-noire 0.518 4.2176 4.9624 0.454 5.022 5.4611 0.402 4.7239 5.1365 0.346 4.2626 4.5802 0.451 5.9919 5.8166 0.499 5.0153 4.5957
Brazzaville 0.656 8.8728 2.7478 0.558 9.229 3.3541 0.568 8.7122 3.76 0.464 8.5385 3.1903 0.701 8.9143 2.4313 0.764 8.869 2.7918
Nkayi - 0.28 5.6939 5.5098 0.271 6.923 4.3799 0.186 5.7762 4.1638 0.289 5.9538 5.1563
Makabana 0.427 2.4398 3.1874 0.315 3.2973 3.9981 0.365 2.8987 3.4165 0.355 2.8589 3.5649 0.229 2.6191 3.0677 0.663 1.972 2.5194
Dolisie 0.069 4.0606 4.2608 0.058 4.6811 4.127 0.363 5.2938 4.5223 0.187 4.7688 4.536 0.199 4.2538 3.3501 0.384 4.0776 3.5275
Sibiti 0.049 3.6424 3.7387 0.313 4.1159 3.7302 0.368 3.3286 3.2163 0.389 3.2374 3.2219 0.683 3.2232 2.6256 -
Mouyondzi 0.283 4.8972 3.4305 0.028 7.4389 4.8 0.3917 6.4558 4.7582 0.374 4.5053 2.9436 0.443 5.9021 3.197 0.088 5.3403 3.7409
MODIS MODIS MODIS MODIS MODIS MODIS
r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE r MAE RMSE
Pointe-noire 0.259 3.0698 3.2189 0.208 3.3846 3.7713 0.11 3.6237 3.4551 0.231 2.9108 3.1278 0.161 3.3988 3.69 0.439 2.7851 3.4529
Brazzaville 0.188 2.7931 3.0995 0.252 3.5296 4.1097 0.206 3.3417 3.8145 0.155 3.5906 4.3869 0.048 4.1235 3.7746 0.284 3.0795 3.3453

Nkayi -

Makabana 0.032 2.6796 2.5621
Dolisie  0.076 3.2864 3.6093
Sibiti 0.123 3.8576 3.5561

Mouyondzi 0.134 2.4194 2.9246

0.224 2.9162 3.6851

0.0326 2.3871 2.3884

0.0701 3.4716 3.8695

0.094 3.0548 3.4718

0.048 4.2647 3.1404

0.252 3.4666 4.0699
0.018 3.103 3.4265
0.203 2.9711 3.9455

0.02

0.133
0.16

0.034 4.1744 3.8194 0.166

0.344 3.0674 3.6893

0.447

3.0045 3.3729

2.7355 2.3191

2.9047 3.1488
2.5135 2.4852

0.142 3.7449 4.1768 -
0.093 3.12 27234 0.6 1.802 2.3795
0.002 3.1963 3.478 0.361 2.426 3.387

0.48 2.2147 2.0698 -

2.1512 2.3464 0.329 3.1128 2.872 0.029 3.2367 3.157
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between the MODIS LST and air temperature, except for Ouesso station, which
has low correlation coefficients (= 0.025 in 2009, r= 0.17 in 2011). The RMSEs
vary between 2°C and 3.5°C and the MAEs range from 1.8°C to 4.6°C. We found
that Ouesso station showed better accuracy between the MSG LST and air tem-
perature between 2011 and 2014, with the RMSE and MAE values decreasing to
1.7°C and 1.6°C, respectively. Using the MODIS LST data during the same pe-
riod, we obtained a better accuracy only at Makoua station (RMSE = 2.2, r=0.59
and MAE = 1.86). A previously reported study using MODIS data over the corn
belt of the USA [42] obtained an RMSE value of 4.24 and an MAE of 3.29 and
used these data to estimate the daily air temperature.

The stations located in the area of subequatorial climate showed moderate
correlation coefficients between the MSG LST and the air temperature measured
at ground level, varying between 0.25 and 0.487, with the exception of the Ewo
and Djambala stations with correlation coefficients between 0.062 and 0.20. The
correlation coefficients between MODIS LST and the air temperature measured
at ground level are very low (between 0.05 and 0.28), with the exception of Kelle
station, which showed moderate values between 0.4 and 0.58. The RMSE be-
tween the MSG LST and the air temperature measured at ground level varied
between 2°C and 3.88°C and those of MAE between 2.64°C and 9.26°C. Similar
results for MAE in West Africa have been reported previously [43]. The RMSE
values between the MODIS LST data and the air temperature measured at
ground level range from 2.49°C to 4.53°C and those from MAE range from
1.94°C to 5.02°C. The MSG LST data did not give better accuracy, with the ex-
ception of Kelle station, where the correlation coefficient r = 0.73, RMSE =
2.36°C and MAE = 3.68°C in 2010. A better accuracy was obtained with the
MODIS LST data, with RMSE = 2.28°C, MAE = 1.94°C and r= 0.4 in 2009.

The stations located in the area with a humid tropical climate were identical to
those in the subtropical zone, with the exception of Brazzaville station, which
had a correlation coefficient > 0.5 between 2009 and 2014, Pointe-Noire station
with a correlation coefficient of 0.51 in 2009, and Makabana station with a cor-
relation coefficient of 0.663, RMSE = 2.5°C and MAE = 1.97°C in 2014. A better
accuracy was observed between the MSG LST and the air temperature measured
at ground level. There was a better accuracy between the MODIS LST and the air

temperature measured at ground level in 2014 than in other years.

4. Conclusions

We carried out a comparative study between the data obtained from the MSG
and MODIS LST products and the air temperature data measured at ground lev-
el to determine whether these satellite data are suitable for use in research work
in Central Africa. There is currently little published climate data available for
this part of Africa.

The MSG LSTs showed a moderate correlation with air temperature mea-

surements at 2 m above ground level at meteorological ground stations in the
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equatorial climate zone and good accuracy at some of the stations in the area.
The MODIS LST data also showed good precision at some stations, especially
those located in zones characterized by a subequatorial climate or humid tropi-
cal climate. These results corroborate those obtained in previous studies on the
validation of satellite data [43] [44] [45].

The air temperature measured by these satellites can be used in future studies
of climate change and in high-resolution regional climate models. The small
amount of data from the two types of temperature measurement are a result of a
number of factors, including temperature inversion, heterogeneities in surface
emissivity and self-limiting satellites.

Future work should be carried out to evaluate LST products from other Earth
observation satellites and to compare these results with a numerical model for

this region.
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