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Can the ERA5 Reanalysis Product Improve the
Atmospheric Correction Accuracy of Landsat

Series Thermal Infrared Data?
Xiangchen Meng , Member, IEEE, Hao Guo, Jie Cheng , Senior Member, IEEE, and Beibei Yao

Abstract— Atmospheric correction is a key step toward esti-
mating land surface temperature from the sensor with only one
thermal infrared (TIR) channel. We use ground radiosounding
profiles collected from 163 radiosonde observations to provide
insights on how well the ERA5 reanalysis product performs
in the atmospheric correction of Landsat series TIR data.
Despite the poor performance of the ERA5 product for esti-
mating atmospheric upward radiance, downward radiance, and
transmittance of Landsat series TIR data in the Americas and
Africa, the performance of the ERA5 product was superior to
that of the M2I6NPANA (inst6_3d_ana_Np) dataset (MERRA2)
and (Final) Operational Global Analysis data (FNL) products
in Asia and Europe. The vertical distribution of air temperature
and relative humidity profiles may explain the poor performance
of ERA5 in the Americas and Africa. This letter shows the
advantages and weaknesses of the ERA5 reanalysis product in the
atmospheric correction of Landsat series TIR data and will ben-
efit research fields that require an atmospheric profile as input.

Index Terms— Atmospheric correction, European Center
for Medium-range Weather Forecasts (ECMWF) reanalysis
(ERA5), (Final) Operational Global Analysis data (FNL),
M2I6NPANA (inst6_3d_ana_Np) dataset (MERRA2), radiosonde,
thermal infrared (TIR).

I. INTRODUCTION

LAND surface temperature (LST) plays an important role
in land surface physical processes on regional and global

scales [1], [2], which has been widely used in research
of hydrology, urban climate, ecology, and so on [3]–[6].
Remote sensing is a unique way of obtaining LST at regional
and global scales. As the at-sensor radiance received by
a thermal infrared (TIR) channel contains the atmospheric
upward and downward radiance [7], it is necessary to cor-
rect the atmospheric effects before using the single-channel
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algorithm and the multichannel algorithm for LST inversion.
Global reanalysis products were widely used to implement
the atmospheric correction, considering its long observation
period and good data quality. For example, Barsi et al. [8]
and Tardy et al. [9] developed an atmospheric correction
tool for Landsat TIR data using the National Centers for
Environmental Prediction (NCEP) and the European Center for
Medium-range Weather Forecasts (ECMWF) Interim Reanaly-
sis (ERA-Interim) product, respectively. Cheng et al. [10] and
Malakar et al. [11] used the National Aeronautics and Space
Administration (NASA) Modern Era Reanalysis for Research
and Applications Version-2 (MERRA-2) reanalysis data to per-
form atmospheric correction before producing LST products.
Hulley et al. [12] and Zhou and Cheng [13] used MERRA-2
reanalysis data to correct the atmospheric effects before
acquiring LST from the Visible Infrared Imager Radiometer
Suite (VIIRS) and Advanced Himawari Imager (AHI) data,
respectively, using the temperature and emissivity separation
algorithm. In addition, researchers also evaluated the accuracy
of atmospheric profiles from different reanalysis and satellite-
derived products [14]–[18].

In our previous research, ERA-Interim and MERRA
reanalysis products were accurate than other reanalysis prod-
ucts in the atmospheric correction of Landsat 8 TIR data [15].
As the official replacement of ERA-Interim, the newly released
fifth- (and latest) generation ECMWF reanalysis (ERA5) pro-
vides alternative input data for atmospheric correction of TIR
data. Although ERA5 provides a global improvement with
several different technical changes and innovations [19], the
exploration of the ERA5 reanalysis product is still insufficient,
especially in the atmospheric correction of TIR data.

Assessing the accuracy of the ERA5 reanalysis product will
help encourage its use in LST inversion. This study aims to
evaluate the utility of the ERA5 reanalysis product in the
atmospheric correction of Landsat series TIR data. This letter
is organized as follows: Section II introduces the used global
radiosonde observations, reanalysis products, and atmospheric
parameter simulation with MODTRAN. Section III provides
the validation results and analysis. Sections IV and V show
the discussion and conclusions of this study.

II. DATA AND PREPROCESSING

A. Global Radiosonde Observations

The radiosounding profiles were collected from
163 global radiosonde stations and downloaded from
http://weather.uwyo.edu/upperair/sounding.html. In this
study, a total of 34 438 valid radiosounding profiles were
obtained. In addition to the profiles used in our previous
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Fig. 1. Spatial distribution of 163 radiosonde stations. The colored circular
symbols and medium coral polygonal symbols, respectively, represent the
average TWV content and the valid number of radiosounding profiles at each
station.

research [10], [15], radiosounding profiles with high total
water vapor (TWV) content were incorporated to improve
the representativeness of the samples, including 544 profiles
in 2013 and 3036 profiles in 2018. Fig. 1 shows the
spatial distribution of 163 global radiosonde stations, the
corresponding average TWVs, and the valid number of
radiosounding profiles at each station. As shown in Fig. 1,
there are 94 radiosonde stations with an average TWV less
than 2 cm, 36 radiosonde stations with an average TWV
between 2 and 4 cm, and 33 radiosonde stations with an
average TWV greater than 4 cm. The valid number of
radiosounding profiles at most sites is greater than 200, and
15 sites with a valid number of less than 100 are located in
Africa and South America.

B. Global Reanalysis Products

ERA5 is the fifth-generation ECMWF atmospheric reanaly-
sis of the global climate covering the past four to seven
decades. The dataset used in this study is ERA5 hourly data
on pressure levels from 1979 to the present (hereafter ERA5),
which provides global, hourly estimates of atmospheric vari-
ables, at a horizontal resolution of 0.25◦ and 37 pressure levels
from 1000 to 1 hPa [20].

MERRA version 2 is a NASA atmospheric reanalysis
that covers the period from 1980 onward. In this letter,
the M2I6NPANA (inst6_3d_ana_Np) [21] dataset (MERRA2)
is used. MERRA2 is the analyzed meteorological fields
for 42 pressure levels at the native resolution of 0.625◦
longitude × 0.5◦ latitude [15]. Each reanalysis file contains
the following times compacted into a daily file: 00, 06, 12,
and 18 Coodinated Universal Time (UTC).

The archived NCEP Final Global Data Assimilation Sys-
tem Operational Global Analysis data [hereafter (Final)
Operational Global Analysis data (FNL)] provides esti-
mated atmospheric variables every 6 h, with a hori-
zontal resolution of 1.0◦ and 21 pressure levels from
1000 to 100 hPa [22].

The ERA5, MERRA2, and FNL datasets can be downloaded
from the following websites:https://cds.climate.copernicus.eu/,
https://disk.sci.gsfc.nasa.gov/, and https://rda.ucar.edu/.

C. Atmospheric Parameter Simulation With MODTRAN

We followed the method proposed by Barsi et al. [8] and
Li et al. [16] to extract the profiles from the global reanalysis

TABLE I

EVALUATION RESULT OF ATMOSPHERIC UPWARD RADIANCE (L↑),
DOWNWARD RADIANCE (L↓), AND TRANSMITTANCE (τ ) FOR

LANDSAT 5/7/8 TIR DATA. THE UNIT OF L↑(L↓) IS W/(M2·μM·SR),
AND τ IS UNITLESS

Fig. 2. Evaluation results of (a)–(c) atmospheric upward radiance,
(d)–(f) downward radiance, and (g)–(i) transmittance for Landsat 8 simu-
lated from the ERA5, MERRA-2, and FNL reanalysis products. The units
of the atmospheric upward (downward) radiance and transmittance are
W/(m2 ·μm·sr) and unitless, respectively. Statistical metrics are given in each
panel: the mean difference (Bias) and the RMSE. The solid lines are the 1:1
lines.

data. First, the atmosphere profiles were extracted according
to the observation time (00/12 UTC) of radiosonde stations.
Second, the atmosphere profiles surrounding the radiosonde
stations were extracted using the nearest-neighbor interpola-
tion method. Finally, the extracted atmospheric profiles were
then input into MODTRAN to compute three atmospheric
parameters (atmospheric upward radiance, downward radi-
ance, and transmittance) for TIR channels of Landsat series.
Detailed information about the above process, refer to our pre-
vious research [15]. The performance of the global reanalysis
products was assessed through two error metrics: the mean
difference (Bias) and the root mean square error (RMSE),
which were calculated by taking the atmospheric parameters
simulated from radiosounding profiles as a reference.

III. RESULTS AND ANALYSIS

A. Overall Evaluation Results of the Simulated Atmospheric
Parameters

The evaluation results of the simulated atmospheric upward
radiance, downward radiance, and transmittance for Land-
sat 5/7/8 TIR channel using three reanalysis products are
shown in Table I and Fig. 2, respectively.
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Fig. 3. Histograms of (a)–(c) biases and (d)–(f) RMSEs between the
atmospheric upward radiance, downward radiance, and transmittance of Land-
sat 8 simulated from the ERA5 (blue), MERRA2 (green), FNL (orange)
reanalysis product and that simulated from radiosonde observations. The
units of the atmospheric upward (downward) radiance and transmittance are
W/(m2 · μm·sr) and unitless, respectively.

As shown in Fig. 2, there are obvious outliers in three
atmospheric parameters simulated from the ERA5 reanaly-
sis product, while the results simulated using MERRA2
and FNL reanalysis products have fewer outliers. Compared
with the atmospheric parameters simulated from radiosound-
ing profiles, the atmospheric upward radiance and down-
ward radiance simulated from three reanalysis products were
underestimated, and the atmospheric transmittance was just
the opposite. The overall biases were between −0.08 (−0.10)
and −0.18 (−0.24) W/(m2 · μm·sr), 0.01 and 0.02 for the
atmospheric upward (downward) radiance and transmittance
of Landsat 8, respectively, whereas the overall RMSEs were
between 0.31 (0.40) and 0.65 (0.90) W/(m2 ·μm·sr), 0.04 and
0.08 for Landsat 8, respectively. As shown in Table I, the
overall biases (RMSEs) of three atmospheric parameters for
Landsat 5/7 are similar to that of Landsat 8.

The overall evaluation results indicated that despite the
higher temporal and spatial resolution of ERA5, the uncer-
tainty of three atmospheric parameters simulated from ERA5
reanalysis product was higher than that simulated using the
MERRA2 and FNL reanalysis products. The accuracy of three
atmospheric parameters simulated from MERRA2 was slightly
higher than that simulated from FNL, which was consistent
with our previous conclusion [15].

B. Atmospheric Parameters’ Evaluation Results Under
Various Water Vapor Contents

Just like our previous researches [10], [15], the accuracy of
three atmospheric parameters was evaluated in four groups of
TWV: TWV ≤ 2 g/cm2, 2 < TWV ≤ 4 g/cm2, 4 < TWV
≤ 6 g/cm2, and TWV > 6 g/cm2. The evaluation results of
atmospheric parameters for various water vapor contents are
shown in Fig. 3 and Table II.

As indicated in Fig. 3, when the TWV was between
0 and 2 g/cm2, the atmospheric upward radiance and down-
ward radiance of Landsat 8 simulated from ERA5 reanalysis
product were overestimated by approximately 0.05 and
0.07 W/(m2 ·μm·sr), whereas the atmospheric upward (down-
ward) radiance simulated from the MERRA2 and FNL
reanalysis products was underestimated by approximately
0.04(0.05) and 0.03(0.05) W/(m2 · μm·sr). When TWV was

TABLE II

BIASES (RMSES) BETWEEN THE ATMOSPHERIC UPWARD

RADIANCE (L↑), DOWNWARD RADIANCE (L↓), AND

TRANSMITTANCE (τ ) OF LANDSAT 5/7 SIMULATED FROMERA5,
MERRA2, AND FNL REANALYSIS PRODUCTS AND THAT

SIMULATED FROM RADIOSONDE OBSERVATIONS. THE
UNIT OF L↑(L↓) IS W/(M2 ·μM·SR), AND τ IS UNITLESS

larger than 2 g/cm2, the atmospheric upward radiance and
downward radiance of Landsat 8 simulated from three reanaly-
sis products were underestimated, and the atmospheric trans-
mittance was just the opposite.

As shown in Table II, the accuracy of three atmospheric
parameters simulated from MERRA2 in each subrange of
TWV was slightly higher than that simulated from FNL and
much higher than that simulated from ERA5. The biases
(RMSEs) of three atmospheric parameters at four groups of
TWV for Landsat 5/7 were comparable to that of Landsat 8.
Like the evaluation results of three atmospheric parameters
for Landsat 8, when TWV ≤ 2 g/cm2, the atmospheric
upward (downward) radiance and transmittance for Land-
sat 5/7 simulated from MERRA2 (FNL) were underesti-
mated and overestimated, respectively, whereas those values
were just the opposite for that simulated from ERA5. When
TWV > 2 g/cm2, three atmospheric parameters for
Landsat 5/7 simulated from MERRA2, FNL, and ERA5 were
just the opposite to those when TWV ≤ 2 g/cm2. Compared
with the evaluation results of MERRA2 and FNL, ERA5 had
maximum RMSE values for three atmospheric parameters,
which were about 1.3, 2.0, and 2.6 times higher than those
simulated from MERRA2 and FNL when TWV > 6 g/cm2,
TWV ≤ 4 g/cm2, and 4 < TWV ≤ 6 g/cm2, respectively.

Based on the aforementioned analysis, the absolute
biases (RMSEs) of three atmospheric parameters for
Landsat 5/7/8 simulated from MERRA2 and FNL were lower
than those simulated from ERA5 in each subrange of TWV.
In general, the accuracy of three atmospheric parameters for
Landsat 5/7/8 simulated from MERRA2, FNL, and ERA5
gradually decreased.

C. Atmospheric Parameters’ Evaluation Results
in Six Continents

Reanalysis products may perform differently over regions;
the biases and RMSEs of atmospheric parameters sim-
ulated from the ERA5, MERRA2, and FNL reanalysis
products in six continents were calculated and are shown
in Tables III and IV, respectively.

Based on Table III, three atmospheric parameters simulated
from the ERA5 product had the lowest absolute biases in
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TABLE III

AVERAGE BIASES OF THE ATMOSPHERIC UPWARD RADIANCE (L↑),
DOWNWARD RADIANCE (L↓), AND TRANSMITTANCE (τ ) FOR

LANDSAT 5/7/8 IN SIX CONTINENTS. THE UNIT OF L↑(L↓)
IS W/(M2·μM·SR), AND τ IS UNITLESS

TABLE IV

AVERAGE RMSES OF THE ATMOSPHERIC UPWARD RADIANCE (L↑),
DOWNWARD RADIANCE (L↓), AND TRANSMITTANCE (τ ) FOR
LANDSAT 5/7/8 IN SIX CONTINENTS. THE UNIT OF L↑(L↓)

IS W/(M2 · μM·SR), AND τ IS UNITLESS

Asia, followed by those simulated from the MERRA2 and
FNL products. The absolute biases of three atmospheric para-
meters for the ERA5 product in South America, Africa, and
Oceania were higher than those for the MERRA2 and FNL
products. The absolute biases of three atmospheric parameters
for three reanalysis products were comparable in Europe and
North America. Based on Table IV, the performance of the
ERA5 product in six continents showed two extremes: 1) the
ERA5 product had the lowest RMSE in Asia, Europe, and
Oceania, followed by the MERRA2 and FNL products and
2) as for North America, South America, and Africa, the ERA5
and MERRA products had the highest and lowest RMSEs,
respectively.

The aforementioned results indicated that compared with
the MERRA and FNL products, the ERA5 product can obtain
better or similar atmospheric correction accuracy of Land-

TABLE V

BIASES OF THE ATMOSPHERIC UPWARD RADIANCE (L↑),
DOWNWARD RADIANCE (L↓), AND TRANSMITTANCE (τ ) FOR

LANDSAT 5/7/8 FOR THREE STATIONS. THE UNIT OF L↑(L↓)
IS W/(M2 · μM·SR), AND τ IS UNITLESS

Fig. 4. Vertical distribution of (a)–(c) air temperature and (d)–(f) relative
humidity extracted from different atmospheric profiles on (a) and (d) 15 April
2013 at Dakar station, (b) and (e) 15 July 2013 at Lake Charles station, and
(c) and (f) 15 July 2013 at Lima–Callao station.

sat series TIR data in most regions except in the Americas
and Africa.

IV. DISCUSSION

A. Necessity of Atmospheric Correction for the TIR Channel

Accurate satellite retrieval of LST is difficult to achieve
without proper correction of atmospheric effects. The TIR
atmospheric corrections consist of correcting the radiance
measured by the sensors for the effects of atmospheric attenu-
ation, emission, and emission–reflection [7], which can cause
apparent surface temperatures to deviate from actual temper-
atures by 10 K or more [23]. In addition, in the visible–near-
infrared band, the scattering of aerosol is a critical component
in atmospheric correction, but for the TIR band under clear-
sky conditions, the atmospheric effects caused by water vapor
absorption and thermal radiation of the atmosphere itself
should be corrected. Therefore, although atmospheric scatter-
ing in the TIR channel is low, atmospheric effects must be
corrected before LST retrieval.

B. Possible Reasons for the Poor Performance of ERA5

Three stations were selected as a case study to analyze
the possible reasons for poor performance of ERA5 in the
Americas and Africa. The evaluation result for three stations
is shown in Table V. The air temperature and relative humidity
profiles at Dakar station (ID: 61641) on 15 April 2013, Lake
Charles station (ID: 72240) on 15 July 2013, and Lima–Callao
station (ID: 84628) on 15 July 2013 were extracted and are
plotted in Fig. 4.

As shown in Fig. 4, the vertical distribution of air temper-
ature profiles extracted from MERRA2, FNL, and ERA5 was
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similar to that of radiosonde profiles. But there was a tem-
perature difference between ERA5 and radiosonde profiles at
low altitude (<800 m), which was about 5–10 K at Dakar and
Lake Charles station and 1–5 K at Lima–Callao station. The
relative humidity profiles extracted from different atmospheric
profiles are quite different in shape. When the altitude was less
than 10 km, the shape of MERRA2 (FNL) was similar to that
of radiosonde profile, whereas ERA5 had a different shape
whether the altitude was high or low than 10 km. The vertical
distribution of air temperature and relative humidity profiles
may explain the poor performance of ERA5. Moreover, the
MERRA2 product has no data for low altitude (<1000 m) at
the Lima–Callao station, which can explain the overestima-
tion of atmospheric transmittance and the underestimation of
atmospheric upward(downward) radiance.

V. CONCLUSION

In this letter, the accuracy and uncertainty of the ERA5
reanalysis product were evaluated using ground radiosounding
profiles collected from 163 radiosonde observations. In addi-
tion, the performance of the ERA5 reanalysis product was
compared with that of the MERRA2 and FNL reanalysis
products. Both the overall evaluation results and the evalu-
ation results under various groups of water vapor contents
indicated that the uncertainty of atmospheric upward radiance,
downward radiance, and transmittance simulated from the
ERA5 reanalysis product was higher than that simulated from
MERRA2 and FNL reanalysis products.

But the evaluation results in six continents indicated that the
ERA5 reanalysis product performed differently over regions,
with lower absolute biases and RMSEs over most regions,
and higher biases and RMSEs over Americas than that of the
MERRA2 and FNL reanalysis products. More exploration is
needed to analyze this phenomenon in future work.

This is the first time that the performance of the ERA5
reanalysis product in the atmospheric correction of TIR data
is evaluated using ground radiosounding profiles. This letter
will facilitate the utility of the ERA5 reanalysis product in the
atmospheric correction of a variety of TIR data.
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