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Abstract: The Atmospheric Radiative Transfer Simulator (ARTS) has been widely used in the radiation
transfer simulation from microwave to terahertz. Due to the same physical principles, ARTS can
also be used for simulations of thermal infrared (TIR). However, thorough evaluations of ARTS in
the TIR region are still lacking. Here, we evaluated the performance of ARTS in 600–1650 cm−1

taking the Line-By-Line Radiative Transfer Model (LBLRTM) as a reference model. Additionally, the
moderate resolution atmospheric transmission (MODTRAN) band model (BM) and correlated-k (CK)
methods were also used for comparison. The comparison results on the 0.001 cm−1 spectral grid
showed a high agreement (sub-0.1 K) between ARTS and LBLRTM, while the mean bias difference
(MBD) and root mean square difference (RMSD) were less than 0.05 K and 0.3 K, respectively. After
convolving with the spectral response functions of the Atmospheric Infra-Red Sounder (AIRS) and
the Moderate Resolution Imaging Spectroradiometer (MODIS), the brightness temperature (BT)
differences between ARTS and LBLRTM became smaller with RMSDs of <0.1 K. The comparison
results for Jacobians showed that the Jacobians calculated by ARTS and LBLRTM were close for
temperature (can be used for Numerical Weather Prediction application) and O3 (excellent Jacobian
fit). For the water vapor Jacobian, the Jacobian difference increased with an increasing water vapor
content. However, at extremely low water vapor values (0.016 ppmv in this study), LBLRTM exhibited
non-physical mutations, while ARTS was smooth. This study aims to help users understand the
simulation accuracy of ARTS in the TIR region and the improvement of ARTS via the community.

Keywords: Line-By-Line; radiative transfer model; ARTS; LBLRTM; thermal infrared

1. Introduction

With the development of satellite remote sensing applications, radiative transfer
models (RTMs) have become indispensable, including satellite observation calibration [1–3],
physical retrievals from satellite observations [4], and data assimilations in numerical
weather prediction (NWP) models [5]. The most accurate model to calculate the absorption
coefficients is the Line-By-Line (LBL) Model [6]. It calculates the absorption coefficients at
an arbitrary wavenumber by integrating pressure- and temperature-dependent absorption
lines provided by spectroscopic databases (e.g., high-resolution transmission molecular
absorption database, HITRAN [7–9]) with relatively high computational resources [10].
Additionally, some models have simplified the calculation of absorption coefficients by
transferring LBL’s high-spectral-resolution absorption into average integrated strength,
including the band model (BM) and correlated-k (CK) method [11–13]. Others built look-
up tables [14] or directly established regression relationships between the absorption
coefficients and the predictors (e.g., temperature, H2O, and CO2) [15,16]. The latter two can
be collectively called the fast models. Fast models have a higher calculation efficiency at the
expense of accuracy. In recent years, there have still been emergences of new RTMs or the
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addition of new features of commonly used RTMs in the community, such as the Advanced
Radiative Transfer Modeling System (ARMS, a new generation of the fast radiative transfer
model developed for NWP and remote sensing applications) [17] and moderate resolution
atmospheric transmission-6 (MODTRAN6, a new LBL option has been developed) [18,19].

In this study, the protagonist of our investigation is the Atmospheric Radiative Transfer
Simulator (ARTS) [20–22]. ARTS is an open-source LBL RTM designed for the millime-
ter and sub-millimeter spectral range developed by Universität Hamburg and Chalmers
University. The main advantages of ARTS include (1) the fact it is a 3D radiation transfer
model; (2) it supports the calculation of one to four Stokes components (i.e., polarized
radiative transfer calculations); (3) it has a highly modular design allowing users to control
the simulation settings in a more straightforward manner, e.g., selecting the type of gas
considered in the simulation and deciding whether to calculate the Jacobian and instru-
ment response through options. Nowadays, ARTS is widely used in the simulation of the
microwave–terahertz spectrum [23–25]. Eriksson et al. [23] built an operational ice cloud
product inversion algorithm based on ARTS for the upcoming terahertz ice cloud imager.
Bobryshev et al. [24] compared the simulated radiosonde data with the 183.31 GHz bright-
ness temperature based on ARTS with a mean bias of 0.4 K (smaller than previous studies).
Barlakas et al. [25] evaluated the Radiative Transfer for TOVS-Scatt (RTTOV-SCATT) using
ARTS as a reference and found that as the scattering increases, the δ-Eddington solution
used by the RTTOV-SCATT failed to produce sufficient brightness temperature depressions.
Moreover, due to the same physical principles (radiation sources include emissions from
the Earth’s surface and the atmosphere), ARTS can also be used for simulations in the
thermal infrared (TIR) region [26,27]. So far, the performance of ARTS in the microwave
region has been well validated and intercompared [6,24,28–30], while its capability in TIR
has received little attention. An intercomparison was made by Saunders et al. [31] between
ARTS v1 and other RTMs (both LBL models and fast models) over Atmospheric Infra-Red
Sounder (AIRS) channels. The results showed that ARTS exhibited similar accuracy to the
remaining LBL models with a bias of 0.02 K and a standard deviation of 0.07 K averaged
over 49 diverse profiles across all AIRS channels. However, ARTS showed a relatively
more significant difference with a standard deviation of 0.2 K in the 650–770 cm−1 and
2350–2423 cm−1 spectral range. Schreier et al. [30] used ARTS v2.2 for an intercomparison
with two other LBL models in High-resolution Infra-Red Sounder-like (HIRS-like) spectral
channels. The agreement was better than 0.1 K in some window channels, while the discrep-
ancies were about 0.5 K when averaged over all atmospheres, primarily due to the choice
of the continuum used. However, one should keep in mind that the channel bandwidths
of HIRS are greater than 10 cm−1, with only one exception: the 15 µm channel with a
bandwidth of 2.5 cm−1. Therefore, the performance of ARTS at a higher spectral resolution
(e.g., 0.001 cm−1) has not been carefully investigated and evaluated. In addition, the latest
ARTS pre-release version is 2.5.10. Compared to ARTS v2.2, the radiative transfer code was
totally revised, and some new features (e.g., new versions of the continuum model) were
updated. Therefore, further work is still needed to investigate the performance of the latest
version of ARTS in the TIR region.

Solar radiation was not considered in this study due to the ability of ARTS to handle
solar radiation is still under development [21]. The spectral range for the simulation was
600–1650 cm−1 for two reasons: (1) the contribution of solar radiation is negligible in this
range; (2) this spectral range is commonly used for infrared imager (IR-I) and infrared
sounder (IR-S) channels due to both the atmospheric window and various gas absorption
lines (e.g., CO2, H2O, and O3) being contained [32].

The Line-By-Line Radiative Transfer Model (LBLRTM) is an accurate RTM which can
be used over the full spectral range (i.e., from the microwave to the ultraviolet) [10,33].
LBLRTM is classical and at the leading edge of the field [34]. On the one hand, LBLRTM
has been validated not only against the simulation results of other RTMs [35,36], but also
the high-resolution spectral measurements [37–39]. On the other hand, LBLRTM has been
widely used as the foundation for retrieval algorithms [40–42] (e.g., Infrared Atmospheric
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Sounding Interferometer, IASI) and to generate the training dataset of fast models [43,44]
(e.g., generating the RTTOV coefficient files from visible to infrared (IR)). Because of these
advantages, the LBLRTM was selected as a reference to evaluate the performance of ARTS
in the TIR region. Note that ARTS and LBLRTM both use the LBL method to solve the
radiative transfer equation. For a fair comparison, we tried to ensure that the inputs to
LBLRTM and ARTS were the same in our experimental setup. However, LBLRTM uses
the accelerated LBL method to calculate the spectral radiance which may result in slight
brightness temperature (BT) differences from ARTS.

Additionally, MODTRAN was also used for comparison. MODTRAN is the United
States Air Force (USAF) standard moderate spectral resolution RTM. It was widely used
for the radiative transfer simulation of IR-I instruments, such as the Moderate Resolution
Imaging Spectroradiometer [45] (MODIS, onboard Terra and Aqua), Advanced Spaceborne
Thermal Emission and Reflection Radiometer [46] (ASTER, onboard Terra), and the Thermal
Infra-Red Sensor [47] (TIRS, onboard Landsat-8). MODTRAN5 includes two methods to
calculate the absorption coefficient (BM and CK) and supports four spectral resolutions
(0.1, 1, 5, and 15 cm−1) [48].

This paper is organized in six sections: Section 2 introduces the datasets used in this
study. The theory (including the radiation transfer theory and Jacobian) and experiment
setup are described in Section 3. Sections 4 and 5 are the comparison results and discussion,
respectively. Section 6 summarizes the work.

2. Datasets
2.1. Atmospheric Profiles

In this study, an NWP model profile dataset released by the European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT) [49,50], which was used as
the training dataset to calculate the coefficients for the RTTOV, was selected to evaluate
the performances of ARTS. There are 83 diverse profiles contained in the profile dataset,
and each profile is divided into 101 layers interpolated from the 91 levels of the profile
dataset. The atmospheric pressure ranges from 1100 to 0.005 hPa, and the corresponding
altitude is calculated based on the hydrostatic equilibrium (i.e., 0 to 74.05 km). In addition
to the atmospheric temperature, the profiles record each layer’s volume mixing ratios of
six gases (H2O, CO2, O3, N2O, CO, and CH4, all in ppmv). The statistical characteristics of
temperature and the six gases are shown in Figure 1. For H2O, the range of the total column
content is 3.87 × 10−3 to 1.06 × 101 g/cm2; for CO2, the range is 0.571 to 0.743 g/cm2;
for O3, the range is 9.23 × 10−5 to 1.69 × 10−3 g/cm2; for N2O, the range is 4.73 × 10−4

to 5.46 × 10−4 g/cm2; for CO, the range is 3.22 × 10−5 to 3.31 × 10−4 g/cm2; and for
CH4, the range is 1.15 × 10−5 to 1.18 × 10−3 g/cm2. The temperature range of the lowest
layer is 211.06 to 318.26 K. Note that profiles 81 and 82 are envelopes of minimum and
maximum values, and profile 83 is the mean value. The dataset can be downloaded from
https://nwp-saf.eumetsat.int /site/software/atmospheric-profile-data/ (accessed on 15
July 2023).

2.2. Instrument Spectral Response Functions

The IR-I has a wider bandwidth than IR-S (e.g., 0.3 µm for MODIS band 33 and
0.5–2 cm−1 for AIRS). To evaluate the performances of ARTS for both IR-I and IR-S ap-
plications, AIRS (for IR-S) and MODIS (for IR-I) onboard the Aqua satellites of the Earth
Observing System (EOS) series of the National Aeronautics and Space Administration
(NASA) were selected.

https://nwp-saf.eumetsat.int
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Figure 1. The distribution of (a) atmospheric temperature and (b–g) six gases of the 83 profiles as a
function of altitude.

MODIS is an imaging spectroradiometer concept instrument, and its scanning method
is cross-track scanning with a ±55◦ field of view [51]. For diagnostics of the Earth’s
land, ocean, and atmosphere, MODIS contains 36 bands from 0.4 to 14.5 µm with spatial
resolutions of 250 m (Band1 and Band 2), 500 m (Band 3 to Band 7), and 1000 m (Band 8
to Band 36) at the nadir. In this study, ten bands (i.e., Band 27 to Band 36) located in the
600–1650 cm−1 range were selected to evaluate the performances of the IR-I instrument. The
information on the selected bands is shown in Table 1. The range of the central wavelength
for the selected ten bands is 6.715–14.235 µm, and the corresponding center wavenumber
range is 702.49–1489.20 cm−1. The MODIS spectral response functions were downloaded
from https://nwpsaf.eu/downloads/rtcoef_rttov12/ir_srf/ rtcoef_eos_1_modis_srf.html
(accessed on 15 July 2023).

Table 1. Details of the selected 10 MODIS bands. NE∆T denotes noise equivalent differential tempera-
ture.

Band
Number

Central
Wavelength (µm)

Central Wavelength
(cm−1)

Bandwidth
(µm)

NE∆T
@Specified Input Primary Use

27 6.715 1489.203 0.360 0.25 K @ 1.16 W·m−2·sr−1·µm−1 Cirrus clouds
andWater vapor28 7.325 1365.188 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1

29 8.550 1169.591 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1 Cloud properties

30 9.730 1027.749 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1 Ozone

31 11.030 906.618 0.500 0.05 K @ 1.16 W·m−2·sr−1·µm−1 Surface/cloud
temperature32 12.020 831.947 0.500 0.05 K @ 1.16 W·m−2·sr−1·µm−1

33 13.335 749.906 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1

Cloud top altitude34 13.635 733.407 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1

35 13.935 717.618 0.300 0.25 K @ 1.16 W·m−2·sr−1·µm−1

36 14.235 702.494 0.300 0.35 K @ 1.16 W·m−2·sr−1·µm−1

AIRS is a high-resolution sounder that includes an IR spectrometer and a visible and
near-infrared sensor [52]. Its vertical and horizontal spatial resolutions are 1 km and 13.5 km

https://nwpsaf.eu/downloads/rtcoef_rttov12/ir_srf/
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(at nadir), respectively, with a scan of ±49.5◦ off-nadir. The IR spectrometer has 2378 chan-
nels, which can be divided into three spectral ranges (i.e., 3.74–4.61 µm, 6.20–8.22 µm, and
8.80–15.4 µm, see Table 2). Only the latter two spectral ranges, located in 600–1650 cm−1,
and containing 1864 channels, were selected in this study. The corresponding center
wavenumber of these 1864 channels ranges from 649.62 to 1613.88 cm−1. The AIRS spectral
response functions can be downloaded from http://asl.umbc.edu/pub/airs/srf (accessed
on 15 July 2023).

Table 2. Details of the AIRS IR spectrometer channels. NE∆T denotes the noise equivalent differential
temperature.

Spectral
Range (µm)

Spectral
Range (cm−1)

Channel
Number

Spectral
Resolution (cm−1)

NE∆T
@Specified Input

3.74–4.61 2170–2674 514 ~2.0 0.14 K @ 280 K
6.20–8.22 * 1216–1613 * 602 ~1.0 0.20 K @ 280 K
8.80–15.4 * 650–1136 * 1262 ~0.5 0.35 K @ 280 K

Note: * represents the selected spectral ranges.

3. Theory and Experiment Setup
3.1. Radiative Transfer Theory

Neglecting the contribution of solar radiation and the scattering effect, the clear-sky
radiative transfer through the atmosphere can be described by a simple differential equation
when the local thermodynamic equilibrium holds [20]:

dI(v, s)
ds

= −α(v, s)I(v, s) + α(v, s)B(v, T(s)) (1)

where I denotes the radiant intensity; v denotes the wavenumber; s denotes the distance of
the path along which the radiation travels; α denotes the absorption coefficient; B represents
the Plank function; and T denotes the temperature in K.

It is evident from Equation (1) that the absorption coefficient α is crucial, for it appears
in every term on the right side of the equation and describes the ability of all gases to absorb
and emit along the propagation path. Generally, α is calculated as a sum of absorption lines
and continuums of the different gases [53–55]:

α =
N

∑
i=1

pxi
kBT

Mi

∑
j=1

Sij(T)F(vij) + C1 + . . . + CL (2)

where p denotes the pressure; N is the number of gases considered; xi represents the volume
mixing ratio of the i-th gas; kB is Boltzmann’s constant; T denotes the temperature in K; Sij
is the line strength that measures the total absorption of a spectral line and is equal to the
integral over the entire spectrum; F(vij) is the line shape function, and vij is the line center
frequency; C1 to CL are continuous absorptions. The line shape profile and line cutoff were
used in this study, which can affect the line shape function [20].

3.2. Jacobian

One key usage of RTMs is to calculate top-of-atmosphere (TOA) radiances and at-
mospheric transmittance. Meanwhile, the gradients of the RTM radiances concerning the
profile variables, denoted as the Jacobians (also called the weighting functions), are also
significant, for they are the basis of the profile retrieval using satellite observations. The
forward model can be expressed by Equation (3) [56,57]:

y = F(x) + ε (3)

http://asl.umbc.edu/pub/airs/srf
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where y is the measurement vector; F is the forward model; x is the state vector; and ε is the
measurement noise. Then, the Jacobian matrix K can be expressed as

K =
∂F
∂x

(4)

There are two methods to calculate the Jacobians: the first is the perturbation method,
and the second is the analytical method. The perturbation method adds a small perturbation
to the inverted state parameter and then calculates K using the following equation:

K =
F(x1, · · · xp + ∆xp, · · · )− F(x1, · · · xp, · · · )

∆xp
(5)

where xp is the parameter of interest, and ∆xp is the perturbation. The analytical method
computes the Jacobians by deriving an analytic expression. The analytical method is faster
and more accurate than the perturbation method. Currently, both LBLRTM and ARTS
support the calculation of analytic Jacobians. ARTS can calculate radiance and Jacobians
simultaneously, while a pre-run is required to obtain the optical depth files. However,
MODTRAN5 can only calculate the Jacobians by using the perturbation method [58].
Therefore, the comparison of Jacobians was only performed between ARTS and LBLRTM.

3.3. Experimental Setup

In this study, five gases were taken into account in the radiative transfer simulations,
including H2O, CO2, O3, N2O, and CH4. CO was excluded because no CO absorption
line exists in 600–1650 cm−1. The NWP 101-level profiles mentioned in Section 2.1 were
used to characterize the atmospheric condition. The surface temperature was set to the
atmospheric temperature of the profile’s lowest layer, and the surface emissivity was set
to 0.99 [31]. The sensor position was set to the altitude of the profile’s highest layer (i.e.,
74.05 km). All simulations were performed under clear-sky conditions.

LBLRTM v12.15.1 (latest release version) and ARTS v2.5.10 (latest pre-release version)
were selected for radiative transfer simulations. LBL models require line parameters and
continuums to calculate the absorption coefficients. LBLRTM uses line parameters from
the AER Line File Parameter Database (v3.8.1), which starts with HITRAN line parameters
and is then modified with observed parameters [7,8]. The AER’s official Binary Line File
Generator (LNFL) was used to convert the AER Line File Parameter Database to the format
needed for the LBLRTM. Although the simulated spectral range was 600–1650 cm−1, we
extended the spectral range by 100 cm−1 on both sides when separating the absorption lines
to ensure that all absorption lines that affected the simulated spectrum were separated. The
same line parameters were also used for ARTS. The line shape profile used in this study was
the Voigt profile, and the line cutoff distance was 25 cm−1 [26]. Note that LBLRTM supports
line mixing [59,60] when the line cutoff is on and off. However, ARTS only supports line
mixing when the line cutoff is off. Therefore, line mixing was turned off in this study
for a fair comparison (the impact of line mixing is further discussed in Section 6). The
MT_CKD (Mlawer–Tobin _Clough–Kneizys–Davies) [37] continuum model v4.1.1 (latest
release version) was used as the continuum for LBLRTM. The MT_CKD model consists
of continuum absorption due to H2O, N2, O2, CO2, and O3. In this study, only the H2O
and CO2 continuum were considered for two reasons: (1) N2 and O2 were not included in
the simulation; (2) the continuum absorption of O3 is not located in 600–1650 cm−1 [61].
The H2O and CO2 continuum used for ARTS were MT_CKD v3.5.0 and MT_CKD v2.5.2,
respectively. The version of MT_CKD used by ARTS is inconsistent with that of LBLRTM
because the latest version of MT_CKD is not embedded in ARTS. However, we found
no significant change in the CO2 continuum in the selected spectral range by checking
the update log. For the H2O continuum, a non-negligible change is that the temperature-
dependence calculation method of the self continuum was changed to a power law in the
MT_CKD v3.6. In addition, both ARTS and LBLRTM treat the atmosphere as a set of layers
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with equal pressure, and the equivalent pressure of the atmosphere layer is calculated from
the pressure of the two boundary levels.

The version of MODTRAN is v5.2.2, and both BM and CK were used for simulation.
For BM, the in-band absorption was approximately represented by a statistical expression
related to the number of lines and the corresponding line parameters (including the line
strength, location, and overlap with other lines) [58]. For CK, the compact tables of k-
distributions were generated based on Monte–Carlo methods and 34 ordered k values were
contained in each distribution from the minimum to maximum [18,62].

In this study, the simulations were built on a 0.001 cm−1 spectral grid for LBLRTM
and ARTS and a 0.1 cm−1 spectral grid (i.e., the highest spectral resolution for both BM
and CK methods) for MODTRAN. Three angles were selected for the simulation, namely
0◦, 30◦, and 60◦ off-nadir, and the corresponding incidence angles on the Earth’s surface
were 0◦, 30.4◦, and 61.2◦. The whole comparison process could be divided into three
parts: (1) Comparison on a 0.001 cm−1 spectral grid. It should be noted that MODTRAN
did not participate in this comparison because of insufficient spectral resolution; (2) the
four simulation results (i.e., LBLRTM, ARTS, MODTRAN-BM, and MODTRAN-CK) were
convolved with the AIRS spectral response functions to obtain the AIRS channel results
before the comparison was performed; and (3) the four simulation results were convolved
with the MODIS spectral response functions for comparison on MODIS bands. In this
study, a comparison was performed in terms of the brightness temperature. Furthermore,
an additional Jacobian comparison was performed for AIRS channels.

3.4. Evaluation Criteria

The evaluation criteria of BT included the mean bias difference (MBD) and root mean
square difference (RMSD):

MBD = 1
n

n
∑

i=1
(ym − yr)

RMSD =

√
1
n

n
∑

i=1
(ym − yr)

2
(6)

where n denotes the number of samples, ym represents the model BT, and yr represents the
reference BT. MBDs and RMSDs were gathered at three levels to analyze the BT difference
in detail: (1) The all-grid/channel level, which means gathering the statistic from all
grids/channels; (2) the subregion level, which means that the statistics were gathered
from all samples in each subregion. Considering the absorption gas type and line strength
which differed at different spectra, which could lead the biases between two models to
exhibit different characteristics over the spectrum, we divided the 600–1650 cm−1 spectral
region into six subregions (as shown in Table 3); and (3) the single-grid/channel level,
which means statistics were gathered for each grid/channel. In fact, the statistics based
at the all-grid/channel level are to obtain the overall difference between the two models;
therefore, the explanation is mainly at the subregion level and single-grid/channel level.

Table 3. The spectral range and main absorption gases of the six subregions.

Subregion Spectral Range (cm−1) Main Absorption Gases

I 600–770 CO2
II 770–980 H2O
III 980–1070 O3
IV 1070–1240 H2O
V 1240–1360 CH4, H2O
VI 1360–1650 H2O
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As for the Jacobian comparison, the goodness of fit measure (M) was used as evaluation
criteria:

M = 100

√√√√√√√√
N
∑

i=1
(Jm,i − Jr,i)

2

N
∑

i=1
Jr,i

2
(7)

where N is the total number of layers; Jm,i and Jr,i are the model Jacobian and the reference
Jacobian at level i, respectively. This metric could be used to evaluate the overall accuracy
of the model Jacobian rather than on a single layer. The Jacobian calculated by the LBLRTM
was used as the reference Jacobian. Generally, M < 5 represents the selected model with an
excellent fit, and the model with 5 < M < 15 can be used for NWP applications.

4. Results

Here, we present comparison results of the 0.001 cm−1 spectral grid, AIRS channels,
and MODIS bands. Only Jacobians of different AIRS channels were compared because the
selected MODIS bands are insensitive to the atmospheric conditions.

4.1. Comparison on 0.001 cm−1 Spectral Grid

The differences in six subregions between ARTS and LBLRTM for all 83 profiles are
shown in Figure 2, and the details of the 0.001 cm−1 grid can be found in Appendix A. To
show the maximum and minimum values of these differences, we used a truncation in
Figure 2, and the statistics are shown in Table 4. The difference between the M-th percentile
and the N-th percentile is abbreviated as DM-N for convenience.

Remote Sens. 2023, 15, x FOR PEER REVIEW 8 of 24 
 

 

gle-grid/channel level, which means statistics were gathered for each grid/channel. In 

fact, the statistics based at the all-grid/channel level are to obtain the overall difference 

between the two models; therefore, the explanation is mainly at the subregion level and 

single-grid/channel level. 

Table 3. The spectral range and main absorption gases of the six subregions. 

Subregion Spectral Range (cm−1) Main Absorption Gases 

I 600–770 CO2 

II 770–980 H2O 

III 980–1070 O3 

IV 1070–1240 H2O 

V 1240–1360 CH4, H2O 

VI 1360–1650 H2O 

As for the Jacobian comparison, the goodness of fit measure (M) was used as evalu-

ation criteria: 

2

, ,

1

2

,

1

( )

100

N

m i r i

i

N

r i

i

J J

M

J

=

=

−

=




 
(7) 

where N is the total number of layers; Jm,i and Jr,i are the model Jacobian and the reference 

Jacobian at level i, respectively. This metric could be used to evaluate the overall accuracy 

of the model Jacobian rather than on a single layer. The Jacobian calculated by the 

LBLRTM was used as the reference Jacobian. Generally, M < 5 represents the selected 

model with an excellent fit, and the model with 5 < M < 15 can be used for NWP applica-

tions. 

4. Results 

Here, we present comparison results of the 0.001 cm−1 spectral grid, AIRS channels, 

and MODIS bands. Only Jacobians of different AIRS channels were compared because 

the selected MODIS bands are insensitive to the atmospheric conditions. 

4.1. Comparison on 0.001 cm−1 Spectral Grid 

The differences in six subregions between ARTS and LBLRTM for all 83 profiles are 

shown in Figure 2, and the details of the 0.001 cm−1 grid can be found in Appendix A. To 

show the maximum and minimum values of these differences, we used a truncation in 

Figure 2, and the statistics are shown in Table 4. The difference between the M-th per-

centile and the N-th percentile is abbreviated as DM-N for convenience.  

 

Figure 2. The statistics of the differences between ARTS and LBLRTM for all 83 profiles at 0° (the 

red violin), 30° (the blue violin), and 60° (the green violin). The white dot represents the median, 
Figure 2. The statistics of the differences between ARTS and LBLRTM for all 83 profiles at 0◦ (the red
violin), 30◦ (the blue violin), and 60◦ (the green violin). The white dot represents the median, and the
two black dots represent the upper and lower quartiles. The two colored dots represent the 5th and
95th percentiles.

It can be seen that more than 90% of the sample differences were distributed within
±0.5 K, and there was a slight systematic underestimation (−0.04 K at 0◦ and −0.02 K at
60◦) at the all-grid level. There were higher differences in subregions I and III, especially
in subregion I, than in subregions II, IV, V, and VI. The highest agreement between ARTS
and LBLRTM was obtained in subregion VI, and no significant systematic bias was found.
In addition, in subregions II and IV, the simulated BT of ARTS was generally lower than
that of LBLRTM (more than 95% of the differences were lower than 0 K). These differ-
ences in distributions were wider in subregions I, III, and V, accompanied by a slight
systematic underestimation.
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Table 4. The statistics in different percentile intervals. The values outside/inside brackets represent
the MBD/RMSD of each subregion, and the unit is K.

Angle All
Subregions

Subregion
I

Subregion
II

Subregion
III

Subregion
IV

Subregion
V

Subregion
VI

0◦

D0–100 −0.04 (0.23) −0.03 (0.51) −0.08 (0.12) −0.05 (0.24) −0.06 (0.10) −0.03 (0.09) −0.01 (0.06)
D0–5 −0.40 (0.66) −0.86 (1.43) −0.32 (0.34) −0.54 (0.61) −0.28 (0.31) −0.20 (0.22) −0.13 (0.17)
D5–95 −0.04 (0.07) −0.03 (0.09) −0.07 (0.10) −0.05 (0.09) −0.05 (0.08) −0.04 (0.05) −0.01 (0.02)

D95–100 0.27 (0.74) 0.91 (1.72) 0.01 (0.03) 0.56 (0.83) 0.04 (0.07) 0.17 (0.21) 0.10 (0.15)

30◦

D0–100 −0.04 (0.24) −0.02 (0.52) −0.07 (0.12) −0.04 (0.25) −0.06 (0.10) −0.03 (0.08) −0.01 (0.06)
D0–5 −0.40 (0.67) −0.89 (1.48) −0.33 (0.34) −0.55 (0.61) −0.29 (0.32) −0.20 (0.21) −0.14 (0.17)
D5–95 −0.03 (0.06) −0.03 (0.08) −0.06 (0.10) −0.05 (0.08) −0.05 (0.07) −0.03 (0.05) −0.01 (0.02)

D95–100 0.29 (0.76) 0.96 (1.77) 0.01 (0.04) 0.60 (0.86) 0.05 (0.08) 0.17 (0.22) 0.10 (0.15)

60◦

D0–100 −0.02 (0.26) −0.01 (0.58) −0.05 (0.12) −0.02 (0.27) −0.04 (0.11) −0.02 (0.08) −0.01 (0.06)
D0–5 −0.43 (0.74) −1.02 (1.66) −0.32 (0.34) −0.57 (0.64) −0.33 (0.37) −0.17 (0.19) −0.14 (0.18)
D5–95 −0.02 (0.06) −0.01 (0.09) −0.04 (0.09) −0.03 (0.09) −0.04 (0.07) −0.02 (0.04) −0.01 (0.02)

D95–100 0.35 (0.85) 1.16 (1.96) 0.04 (0.07) 0.74 (0.97) 0.09 (0.13) 0.18 (0.23) 0.12 (0.17)

In subregion I and III, the absolute values of D95–100 and D0–5 were significantly larger
than those of D5–95. In subregion I, the means of D95–100 (D0–5) were 0.91 to 1.16 K (−1.02 to
−0.86 K), and the corresponding RMSDs were 1.72 to 1.96 K (1.43 to 1.66 K). To explore the
reason, the results of a single gas were also simulated (see Appendix B). The spectral range
of subregion I is 600–770 cm−1, and the main absorbing gases include CO2, O3, and H2O.
The differences in simulated BT (profile 83 and angle 0◦) between ARTS and LBLRTM for
all gases and three single gases (CO2, O3, and H2O) are shown in Figure 3. It can be seen
that most of the points were concentrated near the 0 K line, and only a few points were
relatively discrete. Apparently, the differences in the all-gases result were similar to those
of CO2 (both the spectral range and magnitude of the difference), and the contribution of
O3 and H2O to differences of BT were much smaller than those of CO2. The reason for this
phenomenon is that the strengths of CO2 absorption lines are much greater than those of
the other two gases. As for the single-gas results, the number of discrete points of CO2
and O3 is larger than those of H2O since there are more absorption lines of CO2 and O3
in this subregion than those of H2O. For subregion III (see Figure 4), the deviations were
smaller than that of subregion I: the means of D95–100 (D0–5) are 0.56 to 0.74 K (−0.54 to
−0.57 K), and the corresponding RMSDs were 0.83 to 0.97 K (0.61 to 0.64 K). The main
absorbing gases in subregion III are the same as in subregion I. However, the contribution
of O3 was the largest for the same reason as in subregion I (O3 has the largest number and
strength of absorption lines). The wider distribution of BT for subregion V was caused by
CH4 absorption lines in this subregion (see Figure A2f-V in Appendix B).

In addition, we found that in some subregions (especially in subregions II, III, and
IV), the difference in the version of the H2O continuum led to lower ARTS single-gas BT
simulation results. Taking subregion II as an example (see Figure A2c-II,d-II in Appendix B),
when only the absorption lines were considered, the simulated BT difference did not
show any systematic underestimation. However, when the continuum was introduced,
systematic underestimation occurred. The reason for this is that the H2O continuum used
by the LBLRTM changes the calculation method of temperature dependence to a power
law, which is also the reason for the slight systematic underestimation at the all-grid level.
However, the order of the systematic underestimation was 0.1 K and could become smaller
when other absorption gases (e.g., CO2 and O3) are introduced. For CO2, whether or not
the continuum is considered has no significant impact on the distribution of BT differences
(see Figure A2a-I–b-I).
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Figure 3. The differences between ARTS and LBLRTM for (a) all gases, (b) CO2 (absorption lines and
continuum), (c) O3, and (d) H2O (absorption lines and continuum) for profile 83. The color represents
the points number in the area: the redder the color, the larger the number, and the bluer, the smaller.
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4.2. Comparison of AIRS Channels

Comparisons were also made between the three RTMs (ARTS, MODTRAN-BM, and
MODTRAN-CK) and LBLRTM, after convolving with the AIRS spectral response functions.
The corresponding results are shown in Figure 5. As expected, the MBDs and RMSDs of
ARTS on AIRS channels were smaller than those on the 0.001 cm−1 spectral grid. It can
be seen that the discrete points mentioned in Section 4.1 disappeared, and the systematic
biases persisted after convolution with AIRS spectral response functions. For example,
the underestimations caused by H2O absorption in Figure 4d in subregion III still exist in
Figure 5. At the all-channel level, the BT differences between ARTS and LBLRTM were less
than 0.05 K, with a maximum RMSD of 0.08 K for all three angles. In fact, the off-nadir
angle did not significantly affect the overall MBD and RMSD (both less than 0.01 K). There
was no apparent systematic deviation in subregion I (CO2 is the main absorption gas).
Additionally, influenced by the distribution of CO2 absorption lines, the inner systematic
deviation line appeared to decrease with the increase in wavenumber. In subregions II, III,
and IV, there were systematic underestimations of 0.04–0.07 K, which were caused by the
different continuums used by ARTS and LBLRTM (see Section 4.1), and the corresponding
RMSE was 0.08–0.12 K. In addition, there exist O3 absorption lines in subregion III, which
buffered the systematic underestimation caused by the H2O continuum, resulting in a
smaller underestimation than that in subregions II and IV. In subregions V and VI, there
were negligible systematic underestimations: the absolute values of the MBDs were less
than 0.03 K, and the corresponding RMSDs were less than 0.05 K. At the single-channel
level, the largest MBD (0.17 K) was found at 667.53 cm−1 in subregion I, where strong CO2
absorption lines exist nearby, and the largest RMSD was 0.19 K (also found at 667.53 cm−1).

The differences between MODTRAN and LBLRTM were much more significant than
those of ARTS. At the all-channel level, the MBDs ranged from 0.20 to 0.23 K, the RMSDs
ranged from 0.59 to 0.63 K for MODTRAN-BM, and the corresponding MBDs and RMSDs
for MODTRAN-CK were from 0.27 to 0.28 K and 0.62 to 0.69 K for the three angles. At the
subregion level, it was easy to find apparent systematic overestimation in subregions I and
III, with MBDs of ~0.40 K and ~0.9 K. The overestimation of MODTRAN in subregions
I and III was due to the absorption of CO2 and O3, respectively: this is a phenomenon
that has also been mentioned in previous studies [63]. The differences in other subregions
were significantly smaller than in subregion I and III, with a maximum RMSD of 0.56 K. In
addition, MODTRAN-BM and MODTRAN-CK performed differently in six subregions:
MODTRAN-CK was closer to LBLRTM in subregion I, MODTRAN-BM was closer in
subregions II, III, IV, and V, and they were similar in subregion VI. To further give more
insight into the atmospheric conditions leading to larger differences, we showed the
atmospheric profiles corresponding to RMSDs at the 0/25/50/75/100-th percentile (0-th
and 100-th percentile represents the smallest and biggest RMSD, respectively) for different
subregions (see Figure 6). Note that only the atmospheric temperature and the most
dominant absorbing gas profiles in the subregions were shown. For subregion I, III, and V,
RMSD is proportional to atmospheric temperature and the corresponding gas content. For
subregion II, IV, and VI, the main absorbing gases are all H2O. However, H2O continuum
dominates in subregions II and IV, and therefore higher atmospheric temperatures and
water vapor content lead to larger biases. As for subregion VI, water vapor absorption
lines dominate. Since the difference between ARTS and LBLRTM due to water vapor
absorption lines is small, the difference does not show a significant positive relationship
with atmospheric temperature and water vapor content.
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LBLRTM on AIRS channels. The values outside/inside brackets represent the MBD/RMSD of each
subregion, and the unit is K.
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Figure 6. The atmospheric profiles corresponding to RMSDs at the 0/25/50/75/100-th percentile for
(a) Subregion I, (b) Subregion II, (c) Subregion III, (d) Subregion IV, (e) Subregion V, (f) Subregion VI.
The 0-th and 100-th percentile represents the smallest and biggest RMSD, respectively.

In this study, the Jacobians (including temperature, ozone, and water vapor Jacobians)
of LBLRTM and ARTS were calculated using the analytical method. In Figure 7, we show
the M values of profile 81 to 83 at 0◦ for the temperature Jacobian in subregion I, the
ozone Jacobian in subregion III, the water vapor Jacobian in subregion V, and the channel
(i.e., channel 243, 999, and 1405) Jacobians corresponding to the maximum M value in
the three subregions. For the temperature Jacobian, all M values were below 12, and
over 50% were below 5. On channel 243, the Jacobians calculated by the LBLRTM and
ARTS experienced similar changes in their vertical structure, but the Jacobian of ARTS was
higher than that of LBLRTM at 50–600 hPa. For the ozone Jacobian, the two models were
incredibly close (M values are all below 5). For the water vapor Jacobian, few M values
were less than 5, indicating a non-negligible difference between the Jacobian calculated
by ARTS and LBLRTM. On channel 1405, the most significant difference appeared in
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profile 82, and the smallest difference appeared in profile 81, which indicated that the more
significant Jacobian difference occurred in the humid atmosphere. However, we found an
abnormal phenomenon, i.e., a huge difference in the water vapor Jacobian between ARTS
and LBLRTM in the 88–300 hPa of profile 81. After investigation and analysis, we found
that the reason for this was the extremely low value (0.016 ppmv) of the volume mixing
ratio of water vapor in the 88–300 hPa. From the variation in vertical structure, the water
vapor Jacobian calculated by ARTS was more physical than that of LBLRTM, and abnormal
mutations appeared in the LBLRTM water vapor Jacobian.
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Figure 7. The goodness-of-fit measure M for (a) temperature Jacobian in subregion I, (b) ozone
Jacobian in subregion III, (c) water vapor Jacobian in subregion V, and (d–f) channel Jacobians
corresponding to the maximum M value in the three subregions. For (d–f), the solid and dashed lines
represent the channel Jacobians of LBLRTM and ARTS, respectively.

4.3. Comparison of MODIS Bands

For an assessment of the MODIS channels, the simulated results of the four RTMs
were convolved with the MODIS spectral response functions to obtain the corresponding
BTs of the MODIS channels, and the results are shown in Figure 8. It is easy to conclude
that ARTS had the highest agreement with LBLRTM compared to MODTRAN-BM and
MODTRAN-CK. At the all-channel level, the MBDs of ARTS ranged from −0.04 to −0.02 K
at three angles, with RMSDs of 0.07 K. The corresponding MBDs of MODTRAN-BM were
0.37 to 0.44 K, and RMSDs were 0.69 to 0.74K. The corresponding values of MODTRAN-CK
were 0.40 to 0.47 K and 0.66 to 0.74 K.
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Figure 8. BT differences between (a) ARTS, (b) MODTRAN-BM, and (c) MODTRAN-CK and LBLRTM
on MODIS bands. The bottom and top axes represent MODIS band numbers and corresponding
wavenumbers, respectively.

At the single-channel level, the most significant system underestimation of ARTS
occurred in bands 31 and 32 (used to detect surface/cloud temperature), which were
mainly affected by the H2O continuum. The MBDs of bands 31 and 32 ranged from −0.08
to −0.06 K for the three angles, and the corresponding RMSDs were 0.12 to 0.13 K. The
MBDs between MODTRAN-BM and LBLRTM in these two channels were close to those
of ARTS, but RMSDs were slightly higher (−0.08 K for MBDs and 0.2 K for RMSDs). As
for MODTRAN-CK, the differences in MODTRAN-CK for the bands 31 and 32 were more
significant than that of the above two models, with MBDs of 0.19 to 0.24 K and RMSDs of
0.38 to 0.41 K. Band 29 is another band that was mainly affected by the H2O continuum and
was used to detect the cloud properties, with a minimal difference between the three RTMs.
Bands 33–36 were used to calculate the cloud top altitude, and the main absorbing gas in
these four bands was CO2. The ARTS difference in these four bands was slight, reaching
0.01 K for MBDs and 0.01 to 0.02 K for RMSDs in band 36. The difference increased slightly
with an increasing wavenumber due to the increasing effect of the H2O continuum. In band
33, the MBDs ranged from −0.04 to 0.01 K, with RMSDs of 0.04 to 0.06K. In band 30, whose
primary use was to detect O3, the most significant system overestimations of MODTRAN-
BM and MODTRAN-CK occurred, with MBDs from 1.31 to 1.40 K for MODTRAN-BM and
1.40 to 1.47 K for MODTRAN-CK, and the corresponding RMSDs reaching 1.47 to 1.58 K
and 1.55 to 1.63 K. At the same time, ARTS had good consistency with LBLRTM, having
MBDs of −0.01 to 0.04 K and RMSDs of 0.06 to 0.07 K. The primary use of bands 27 and
28 was to detect cirrus cloud and water vapor, with ARTS’s MBDs ranging from −0.01
to −0.02 K and RMSDs from 0.02 to 0.03 K. The performance of MODTRAN-BM and
MODTRAN-CK in bands 27 and 28 was quite different. In band 27, the MBDs were about
0.06 K, and the RMSDs were about 0.23 K. However, in band 28, MBDs exceeded 0.3 K, and
RMSDs exceeded 0.34 K.

In summary: (1) regardless of the all-channel or single-channel results, ARTS performs
better than MODTRAN-BM and MODTRAN-CK, especially in the spectra where line
absorption dominated (e.g., bands 30, 34, 35, and 36). In the spectra where the H2O
continuum dominated (e.g., bands 29, 31, and 32), the MBD values of ARTS were similar to
those of MODTRAN-BM. However, the RMSD values of ARTS were much lower, meaning
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that ARTS and MODTRAN-BM had a similar systematic deviation, but ARTS was closer to
LBLRTM; (2) taking the NE∆T of each MODIS channel as a reference, the ARTS RMSDs
were lower than NE∆T for most channels, except for bands 31 and 32, which were used
for temperature retrieval with NE∆T of 0.05 K. The ARTS RMSDs exceeded the value of
NE∆T by about 0.06 K. MODTRAN-BM and MODTRAN-CK were much larger than the
NE∆T values in most channels (except bands 28, 29, and 33), especially in band 30 (the O3
detection band) with an RMSD over 1.5 K.

5. Discussion

Line mixing is a phenomenon where the shape of the spectral lines is affected by
the closely spaced molecular energy levels [21]. When molecular energy levels change,
absorption lines are generated at a specific wavelength/wavenumber/frequency. When the
molecular energy levels are closely spaced, many absorption lines are generated in a small
spectral range, which results in a change in the shape of the absorption lines. Therefore, the
gases with closely spaced molecular energy levels have greater line mixing. Because the
absorption lines only generate at a specific wavelength/wavenumber/frequency when the
molecular energy levels change, the impact of line mixing occurs mainly in specific spectral
ranges. For each individual absorption line, the cross-section can be calculated by [64]

σ = S(1 − iY + G)F (8)

where σ is the absorption cross-section; S is the line strength; i is the unit imaginary; Y
and G are the first and the second-order line mixing coefficients, respectively; and F is
the line shape function. In this study, line mixing was not considered because, currently,
ARTS cannot calculate line mixing when the cutoff is turned on. However, line mixing
needs to be calculated in practice. Therefore, it is necessary to quantify the “true difference”
based on the simulation results of ARTS and LBLRTM (with line mixing). For convenience,
the BT difference between ARTS and LBLRTM without/with line mixing was termed
∆BTNLM/∆BTLM. Table 5 shows the number of absorption lines separated for each gas and
the corresponding number of absorption lines affected by line mixing.

Table 5. The number of absorption lines for the simulated five gases and the corresponding number
affected by line mixing.

Gas Lines Mixed Lines Mixed Line Rates

O3 121,252 0 0%
CO2 113,311 84,514 74.6%
N2O 37,195 0 0%
H2O 14,583 0 0%
CH4 159,377 472 0.3%

It is clear that the gases affected by line mixing include CO2 [65,66] and CH4 [67,68].
The ratio of CO2 absorption lines affected by line mixing was 74.6%, while that of CH4 was
0.3%. We found that the line mixing of CH4 caused little difference to the simulation, and
this difference was further reduced after convolution with the instrument response (e.g.,
an order of 0.1 K for the AIRS channel within 1200–1400 cm−1). The ∆BTNLM and ∆BTLM
for profiles 81 to 83 at 0◦ in subregion I (for CO2) are shown in Figure 9. As mentioned
in Section 2.1, profiles 81 and 82 were envelopes of minimum and maximum values, and
profile 83 was the mean value. In other words, profile 81 is an extremely cold and dry
atmosphere, and profile 82 is an extremely humid and hot atmosphere. It can be found
that the wavenumbers affected by CO2 line mixing were mainly distributed around 618,
667, 722, and 742 cm−1. At around 618, 722, and 742 cm−1, CO2 line mixing led to a higher
simulated BT, which caused the ∆BTLM to appear negative (up to −10 K). However, a
contrary phenomenon emerged at around 667 cm−1, and ∆BTLM was below 5 K.



Remote Sens. 2023, 15, 4889 17 of 23

Remote Sens. 2023, 15, x FOR PEER REVIEW 18 of 24 
 

 

higher values. It can be seen that the ΔBTLM of profile 82 was larger than that of the other 

two profiles. The reason is that profile 82 had the highest water vapor and atmospheric 

temperature and was, therefore, more affected by the version of the H2O continuum. For 

profiles 81 and 83, the ΔBTLM of more than 90% of the AIRS channels was less than 0.5 K. 

As for the MODIS bands, line mixing had a negligible effect for bands 27 to 33 (the 

differences between ΔBTNLM and ΔBTLM were less than 0.05 K). The most significant dif-

ference between ΔBTNLM and ΔBTLM occurred in MODIS band 35 and could achieve 1 K. 

For bands 34 and 36, ΔBTNLM-ΔBTLM ranged from 0.06 to 0.48 K and 0.21 to 0.38 K, re-

spectively. 

 

Figure 9. The differences between ARTS and LBLRTM (with/no line mixing) for profile (a,b) 81, 

(c,d) 82, and (e,f) 83 at 0° in subregion I. 

Table 6. The percentages of the BT difference between ARTS and LBLRTM (with line mixing) for 

profiles 81 to 83 in 600–770 cm−1 and 600–1650 cm−1. 

Spectral Range Profile 
ARTS-LBLRTM(with Line Mixing) 

|ΔBT| < 0.2 K 0.2 K < |ΔBT| < 0.5 K 0.5 K < |ΔBT| < 1 K |ΔBT| > 1 K 

600–770 cm−1 

81 51.72% 33.01% 13.06% 2.21% 

83 33.03% 37.43% 21.42% 8.12% 

82 24.65% 48.27% 19.45% 7.63% 

600–1650 cm−1 

81 89.49% 7.19% 2.84% 0.48% 

83 74.19% 16.41% 7.63% 1.77% 

82 29.94% 24.57% 43.40% 2.09% 

6. Conclusions 

A comparison study was conducted to investigate the performance of the Atmos-

pheric Radiative Transfer Simulator (ARTS, commonly used in the microwave to te-

rahertz region) in the thermal infrared (TIR) region. The selected reference radiative 
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(c,d) 82, and (e,f) 83 at 0◦ in subregion I.

After convolving with the AIRS spectral response functions, the ∆BTLM in different
intervals is shown in Table 6. It can be found that in subregion I (600–770 cm−1) influenced
by CO2 line mixing, the AIRS channel with ∆BTLM < 0.2 K accounted for 51.72%, 33.03%,
and 24.65% for profiles 81, 83, and 82, respectively. ∆BTLM exhibited a positive correlation
with atmospheric temperature. However, for the three profiles, the proportions of the AIRS
channels with ∆BTLM < 0.5 K were all over 70%. In 600–1650 cm−1, the proportions of
the AIRS channels with ∆BTLM < 0.2 K showed the same trend as subregion I but with
higher values. It can be seen that the ∆BTLM of profile 82 was larger than that of the other
two profiles. The reason is that profile 82 had the highest water vapor and atmospheric
temperature and was, therefore, more affected by the version of the H2O continuum. For
profiles 81 and 83, the ∆BTLM of more than 90% of the AIRS channels was less than 0.5 K.

Table 6. The percentages of the BT difference between ARTS and LBLRTM (with line mixing) for
profiles 81 to 83 in 600–770 cm−1 and 600–1650 cm−1.

Spectral Range Profile
ARTS-LBLRTM (with Line Mixing)

|∆BT| < 0.2 K 0.2 K < |∆BT| < 0.5 K 0.5 K < |∆BT| < 1 K |∆BT| > 1 K

600–770 cm−1
81 51.72% 33.01% 13.06% 2.21%
83 33.03% 37.43% 21.42% 8.12%
82 24.65% 48.27% 19.45% 7.63%

600–1650 cm−1
81 89.49% 7.19% 2.84% 0.48%
83 74.19% 16.41% 7.63% 1.77%
82 29.94% 24.57% 43.40% 2.09%

As for the MODIS bands, line mixing had a negligible effect for bands 27 to 33 (the
differences between ∆BTNLM and ∆BTLM were less than 0.05 K). The most significant
difference between ∆BTNLM and ∆BTLM occurred in MODIS band 35 and could achieve
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1 K. For bands 34 and 36, ∆BTNLM-∆BTLM ranged from 0.06 to 0.48 K and 0.21 to 0.38 K,
respectively.

6. Conclusions

A comparison study was conducted to investigate the performance of the Atmospheric
Radiative Transfer Simulator (ARTS, commonly used in the microwave to terahertz region)
in the thermal infrared (TIR) region. The selected reference radiative transfer model (RTM)
was the Line-By-Line Radiative Transfer Model (LBLRTM), and the moderate resolution
atmospheric transmission (MODTRAN) band model (BM) and correlated-k (CK) methods
were also used for comparison. The simulated spectral range was 600–1650 cm−1, and three
angles were selected in the simulation, namely 0◦, 30◦, and 60◦ off-nadir. The comparison
process could be divided into three parts: (1) on the 0.001 cm−1 spectral grid; (2) on AIRS
channels; and (3) on MODIS bands.

The 0.001 cm−1 spectral grid comparison results showed a high agreement between
ARTS and LBLRTM. In 600–1650 cm−1, the mean bias difference (MBD) and root mean
square difference (RMSD) were less than 0.05 K and 0.3 K, respectively. Larger differences
occurred where the absorption lines were dense and affected by the water vapor continuum.
For the former, differences due to absorption lines appeared as discrete points (i.e., no
apparent systematic deviation), and this difference was proportional to the line strength of
the absorbing line. As for the water vapor continuum, differences were systematic in most
cases due to the different versions of the H2O continuum used by ARTS and LBLRTM.

After convolving with AIRS’s spectral response functions, the differences between
ARTS and LBLRTM became smaller. The BT differences between ARTS and LBLRTM were
less than 0.05 K, with a maximum RMSD of 0.08 K for all three angles. In addition, the
maximum channel RMSD occurred at 667.53 cm−1, and the value was 0.19 K. However,
MODTRAN-BM and MODTRAN-CK exhibited RMSDs of ~0.6 K and performed poorly,
where CO2 and O3 absorption was strong (with a maximum channel RMSD of 4 K). The
comparison results for the Jacobian show that the goodness of fit measure (M) was less than
15 (means can be used for Numerical Weather Prediction application) for the temperature
Jacobian and less than 5 for the O3 Jacobian (an excellent Jacobian fit). However, few M
values were less than 5 for the water vapor Jacobian, and the maximum M could exceed
100. On the one hand, the difference between the two water vapor Jacobians calculated
by ARTS and LBLRTM increased with increasing water vapor content. On the other hand,
at extremely low water vapor values (0.016 ppmv in this study), LBLRTM exhibited non-
physical mutations. As for the MODIS bands, the MBDs of ARTS ranged from −0.04 to
−0.02 K at three angles, with RMSDs of 0.07 K. The MBDs of MODTRAN-BM were 0.37 to
0.44 K, and RMSDs were 0.69 to 0.74K. The corresponding values of MODTRAN-CK were
0.40 to 0.47 K and 0.66 to 0.74 K. The findings of this study aim to help users understand
the accuracy of ARTS in the TIR region and the improvement of ARTS via the community.
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Appendix A

The BT difference between ARTS and LBLRTM (no line mixing) on 0.001 cm−1 spectral
grid is illustrated in Figure A1.
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Figure A1. BT consistency between ARTS and LBLRTM as a function of wavenumber: (a) BTs
simulated by LBLRTM for profile 83; (b) MBDs and (c) RMSDs of the BT differences for all 83 profiles.

Appendix B

The differences of the simulated BT (profile 83 and angle 0◦) between ARTS and
LBLRTM for the selected five single gases (CO2, O3, H2O, CH4, and N2O) are highlighted
in Figure A2. For CO2 and H2O, the continuums were not simulated separately but together
with the corresponding absorption lines.
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