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Abstract The sub-pixel terrain long-wave radiative effect (STLRE) plays an important role in the satellite
surface-sensitive infrared brightness temperature (TB) simulation over rugged areas, however, it is absent in
current radiative transfer models. This study incorporates a STLRE scheme in the Community Radiative
Transfer Model (CRTM) for the FY-4A/Advanced Geosynchronous Radiation Imager (AGRI). The total
surface downwelling long-wave radiance (SDLR) over rugged areas at sub-pixel is composed of the radiance
from the overlying atmosphere under plane-parallel radiation condition and the radiance emitted from
surrounding terrains, weighted by the sky view factor (SKV). Based on the homogenous assumption, a STLRE
scheme is established through constructing terrain correction factors at AGRI pixel scale. The ExpCTL/
ExpTOPO experiments with the CRTM adopting the plane-parallel scheme/STLRE scheme are conducted to
evaluate the simulations of AGRI clear-sky TB over the rugged areas. Results show that considering the STLRE
can significantly reduce the orography dependent simulation biases in the plane-parallel scheme. The reductions
of biases for the AGRI channel 11-13 regionally averaged over the rugged areas are 64.2%, 72.7% and 67.6%,
respectively. Stable correction performance is found at different times of the day. Meanwhile, the corrections of
SDLR are more obvious in winter than in summer, and in barren condition than in the other land cover types.
This is theoretically attributed to the land-air temperature difference and the land surface emissivity,
respectively. This pilot study improves the observation operator for infrared TB data assimilation over complex
terrain and exhibits broad promotion and application value.

Plain Language Summary Satellite observations are important for modern numerical weather
predictions, but underutilized. Many valuable satellite observations near the surface are not used in numerical
models, especially over complex terrain regions. The sub-pixel terrain long-wave radiative effect (STLRE)
plays an important role in the satellite surface-sensitive infrared TB simulation over rugged areas, however, it is
absent in current radiative transfer models. Consequently, the TB simulation by default CRTM exhibits
orography dependent biases over rugged areas. This study focuses on improving the data assimilation ability for
infrared observations influenced by complex terrains. We incorporate a STLRE scheme into CRTM and explore
the potential benefits for FY-4A/AGRI TB simulation using the 1-year TB simulation samples over eastern
China during 2022-2023. The new scheme considers the obstruction of atmospheric downwelling radiance by
terrain and also the emissive radiance from surrounding terrains. More accurate TB simulations are produced for
FY-4A/AGRI. The results of this study suggest a promising avenue for improving satellite data assimilation
over complex terrain in the future.

1. Introduction

With the development of the new generations of geostationary meteorological satellite observation technology
(Bessho et al., 2016; Schmit et al., 2017; Yang et al., 2016), satellite data assimilation (DA) plays an increasingly
important role in numerical weather prediction. Atmospheric temperature, humidity and cloud variables can be
notably improved by directly assimilating infrared brightness temperature (TB) in either global or regional
models (Eyre et al., 2022; Hilton et al., 2012; Li & Liu, 2009; Otkin & Potthast, 2019; Sawada et al., 2019; Yin
etal., 2021; Zhang et al., 2016; Zou et al., 2015). However, challenges of fully utilizing satellite data in numerical
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models still remains, especially in the cloudy areas (Geer et al., 2019; Honda et al., 2018; Li et al., 2021; Okamoto
et al., 2019; Zhang et al., 2021) and in the regions near surface over land (Dutta et al., 2016; Qin & Zou, 2019).

Satellite surface-sensitive channels are important for DA because they contain meaningful information of low-
level atmospheric thermal information. In the past decades, researchers made efforts on improving the satellite
DA over land through better describing the two key parameters (English, 2008), that is, land surface emissivity
(LSE) and land surface temperature (LST), in the radiative transfer model (RTM) (Weng, 2007). To improve the
consistency between the observed and simulated TB of surface-sensitive channels, several methods have been
proposed to update the background LST with the help of either satellite retrievals (Gued;j et al., 2011) or surface
station observations (Li et al., 2023). Also, the LSE schemes or data sets have been developed to consider the
dynamically varying characteristics, such as the University of Wisconsin-Madison High Spectral Resolution
Emissivity (UW_HSRemis) (Borbas & Ruston, 2010) and the one-dimensional variational estimation of LSE for
Infrared Atmospheric Sounding Interferometer (Pavelin & Candy, 2014).

However, another critical issue for satellite DA over land is the influence of terrain relief which has impacts on the
radiative transfer process near the surface. Complex terrain areas are often closely related to the triggering of
severe convective weather. Assimilating satellite TB properly in these areas is quite important but also full of
challenges. In the traditional observation operator of satellite DA, such as the Community Radiative Transfer
Model (CRTM) (Han et al., 2007), the radiative transfer near surface is based on the plane-parallel scheme, which
ignores the impact of terrain undulation on the surface downwelling long-wave radiance (SDLR). This deficiency
may cause inaccurate SDLR which results in simulated errors of top-of-atmosphere (TOA) radiance. Therefore,
considering the terrain impact in RTM is indispensable before satellite TB can be assimilated over rugged areas.

Based on the mountain radiation theory (Proy et al., 1989), compared to plane surface, the topography can either
reduce the radiation by obstructing surface downwelling long-wave radiation from atmosphere or increase it by
the emission from the adjacent terrains (Feldman et al., 2022; Oliphant et al., 2003). Yan et al. (2016, 2020)
revealed that ignoring the terrain long-wave radiative effect may result in the biases larger than 10> W-m ™2 over
highly rugged regions. The importance of including the terrain long-wave radiative effect over mountainous
regions has already attracted attention in the developments of both the model radiation parameterizations and the
satellite-based retrieval algorithms. On one hand, for the broadband long-wave radiation application, Zhang
et al. (2006) introduced the 2-dimensional terrain long-wave radiative effect into a regional climate model which
considers the terrain obstruction but neglects the radiation emitted from adjacent terrains. Furthermore, Gu
et al. (2024) found a notable improvement of 4~10% daily surface downwelling long-wave radiation flux
simulation over the Tibetan Plateau after implementing the 3-dimensional sub-grid terrain long-wave radiative
effect parameterization. On the other hand, for the long-wave radiance at a specific wavelength band, Zhu
et al. (2021) introduced topographic effect in the RTM-based LST retrieval algorithm, leading to large im-
provements of LST in the rugged areas where the sky view factor (SKV) is smaller than 0.7. In other studies, the
LST retrieval algorithms based on specific wavelengths were also developed with accounting for terrain geometry
and adjacent effects (He & Tang, 2023; Xue et al., 2023). The success of these studies encourages the devel-
opment of satellite DA over rugged areas.

To our best knowledge, few studies have considered the TLRE in the observation operator for DA purpose. Since
the pixel scale of the advanced infrared imagers onboard geostationary satellites have reached kilometer level,
how to describe the sub-pixel terrain long-wave radiative effect (STLRE) over rugged surface is a critical issue.
Also, because the observation operators of satellite DA, that is, fast RTMs, require quick calculations, the
incorporated the STLRE should be the parameterization approach with high computation efficiency. Fengyun
(FY)-4A/Advanced Geosynchronous Radiation Imager (AGRI) is the first advanced imagers of China launched
since 2016. The AGRI TB observation-minus-background (O-B) biases have been evaluated over ocean and land
(Tang et al., 2021), and even all-sky conditions (Xu et al., 2021). This study aims at developing a modified
observation operator based on CRTM that are suitable for AGRI DA over rugged areas. The new scheme is
explored for the clear-sky surface-sensitive TB simulation focusing on the central and eastern regions of China,
which will support the assimilation of AGRI TB around high-relief terrains with low SKV values in the future.

The other parts of the article are organized as follows: Section 2 describes the FY-4A/AGRI observations, the
CRTM clear-sky TB simulation, the modified CRTM with the consideration of STLRE scheme and the exper-
imental design. Section 3 discusses the numerical results of simulated AGRI TB accuracy over rugged surface.
Conclusion and discussion are given in Section 4.
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2. Data and Method
2.1. FY-4A/AGRI and CRTM Simulation

The first one in the new generations of geostationary meteorological satellites in China, FY-4A, is positioned at
104.7°E above the equator. The AGRI (Yang et al., 2016) has 14 channels with wavelengths ranging from 0.47 to
13.5 pm. The infrared channels include two short-wave infrared window channels at 3.75 pm (Channel 7 and 8);
two water vapor channels centered at 6.25 and 7.1 pm (Channel 9 and 10), respectively; three long-wave infrared
surface-sensitive channels at 8.6, 10.8 and 12 pm (Channel 11-13), respectively; and a low tropospheric CO,
absorption channel at 13.5 pm (Channel 14). The AGRI provides a full disk scan at pixel resolution of 4 km every
15 min for the surface-sensitive channels 11-13 which are concerned in this study.

The Gridpoint Statistical Interpolation (GSI) version 3.6 is employed, in which the CRTM version 2.2.3 is the
observation operator for satellite DA. The CRTM 2.2.3 is employed because it shows reliable performance on
clear-sky surface-sensitive infrared TB simulation over land with the help of incorporating monthly varying
emissivity atlas within its framework. An online simulation for AGRI clear-sky TBs over land is performed. The
CRTM (Han et al., 2007) input parameters including three-dimensional variables of atmospheric temperature,
water vapor and two-dimensional variables of surface wind speed, wind direction and 2-m air temperature are
extracted from the Weather Research and Forecasting (WRF) regional forecasts. The LST and LSE are carefully
selected to minimize the uncertainty on surface-sensitive radiance simulation (Zhuge et al., 2018).

Figure 1a shows an example of FY-4A/AGRI observed TB at 1800 UTC 29 January 2023. The surface variable of
LST provided for CRTM simulation (Figure 1b) is obtained from the official FY-4A/AGRI LST product with 4-
km horizontal resolutions (Dong et al., 2023). The monthly LSE data set from the UW_HSRemis (Seemann et al.,
2008) with 0.05° X 0.05° resolution are bilinearly interpolated onto the AGRI pixels and convoluted to the AGRI
spectral response functions. An external LSE module using this data set for CRTM simulation is then incorpo-
rated into the GSI. Figures 1c and 1d compares the UW_HSRemis LSE distributions in January and July. At
8.6 pm, focusing on the rugged areas, the LSE values of forests around the borders of Sichuan Basin (28°-
N ~ 32°N, 104°E ~ 107°E) are lower in winter (Figure 1c) than those in summer (Figure 1d). The monthly LSE
data set can represent temporal variations of thermal emissions from the Earth surface. The official AGRI cloud
mask product (Wang et al., 2019) is used to identify the clear-sky pixels for further evaluation.

2.2. Modified CRTM Considering STLRE for FY-4A/AGRI

To describe the sub-pixel topography within the AGRI pixels, the digital elevation model (DEM) data from the
Shuttle Radar Topography Mission (SRTM) (Jarvis et al., 2008) with a horizontal resolution of 3” (~90m) is used.

According to the mountain radiation theory, the total SDLR in the terrain areas is composed of the SDLR from
atmosphere under the plane-parallel condition and the long-wave radiance emitted from the surrounding terrains
(Figure 2a). Based on the isotropic assumptions (Adams et al., 2011; Sicart et al., 2006), the SDLR at sub-pixel
scale (Duguay, 1995; Gu et al., 2024; Robledano et al., 2022) is given by

Ll =L} SKV;+ Ly, - (1= SKV)) (1)

where L}

i L;l;,i and Ly, ; are the total SDLR, the SDLR from the atmosphere calculated by the plane-parallel
scheme and the received long-wave radiance emitted from surrounding terrains, respectively. The subscript i
stands for the sub-pixel index of DEM data. Jiao et al. (2019) suggested that the technique proposed by Dozier and
Frew (1990) is a proper way to calculate the sky view factor utilizing DEM data. Therefore, the sub-pixel scale
sky view factor SK'V; which represents the non-shadowed proportion of hemisphere from the target point to the

sky (Figure 2f) is given by:
1 N . T . 2
SKV, = lT]Z sin S; - cos(AZ, — AS;) - (E — Esz, — sin Eyz, - cos EAZk> + co8 S; - cos“Eyz, 2)
k=1

where AZ, is the azimuth in the kth direction centered on the target point, E,7, is the maximum elevation
(Figure 2c) in the kth direction. As shown in Figure 2b, AS; is the sub-pixel scale terrain slope aspect (Figure 2e),
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Figure 1. Spatial distributions of the (a) AGRI-observed channel 11 (8.6 pm) brightness temperature (shaded in color, unit:
K) and the retrieved land surface temperature (shaded in color, unit: K) that is used in the CRTM simulation at 1800 UTC 29
January 2023. Spatial distributions of land surface emissivity in (c) January and (d) July for AGRI channel 11.

which is the angle between the normal of the inclined plane projected on the horizontal plane and the north di-
rection. Both azimuth angle and terrain aspect slope angle vary from 0° to 360° clockwise with 0°, 90°, 180°, and
270° indicating the directions of north, east, south, and west, respectively. The sub-pixel scale terrain slope

2
S; = arctan, | (%)2 + (%;) ranging from 0 to 90° (Figure 2d) is calculated based on the DEM terrain height z,
horizontal coordinates x and y (Huang et al., 2022).

From the sub-pixel scale to the AGRI pixel scale, the SDLR over rugged terrains can be expressed as the ag-
gregation of sub-pixel radiance,

1Y &
Ltl =ﬁ;(Ltl,i.sec Si)/iglsec Si (3)
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Figure 2. (a) Illustrations of components of SDLR over the rugged area. (b) Illustrations of geometric angles for an inclined surface. Distributions of (c) terrain elevation,
(d) slope, (e) aspect and (f) the SKV from the DEM data for the rugged region on east side of the Tibet Plateau. The gray lines indicate the borders of FY-4A/AGRI
pixels.

where L} is the total SDLR over rugged terrains at AGRI pixel scale, and N is the number of sub-pixel points
within an AGRI pixel.

Therefore, according to Equation 1, the explicit calculation expression for SDLR at pixel scale in rugged areas is
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1Y 1Y
L= N Z;[L,l,,i -SKV;-sec S; + Ly,; - (1 — SKV;) - sec S /5 Z; sec S, 4)
1= =]

For DA purposes, it is necessary to establish parameterization for Equation 4. The homogenous assumption is
adopted for the thermal conditions within the pixel scale, which hypothesizes that the LST ¢, ;, LSE ¢;; and the
near-surface atmospheric temperature 7,; at the i sub-pixel point within an AGRI pixel of 4-km horizontal
resolution are uniform (z,; =1, &;; = &, t,,; = t,). In other words, SLDR fluxes differences calculated between the

pixel and its sub-pixels are assumed to be negligible (Lll,’i = L},, Ly = Lg), where L}, is the downwelling at-

mospheric radiance and L,T, is the upwelling surface long-wave radiance, respectively, at pixel scale.

Therefore, Equation 4 is rewritten as

L'=L)-P +L)-P )

N N N
where the two terrain correction parameters P; = Y, SKV;-secS;/ Y, secS; and P, = ), (1 — SKV))-

i=1 i=1 i=1
N
sec S;/ D, sec S; are not dependent on real-time atmospheric and surface conditions. The time-consuming part of
i=1
calculation of the P; and P, from the DEM data are established only once in advance before application.

The STLRE scheme is basically derived from Gu et al. (2024), which was implemented in atmospheric numerical
models to describe the sub-pixel terrain effect on long-wave radiation transfer over mountainous regions. Similar
but not identical to the previous study of Gu et al. (2024), the STLRE scheme is applied in the fast radiative
transfer model to describe the sub-pixel terrain long-wave effect at AGRI pixels, not at atmospheric model grids.
It means that DEM data of 90 m resolution are collocated within the 4 km AGRI pixel to derive the terrain-related
parameters. Additionally, the radiation-related variable here represents the radiance at a specific satellite infrared
wavelength band rather than the broadband radiance. Theoretically, the STLRE is suitable for either the
broadband radiance or a specific wavelength band. Since the radiative terms and parameters for a specific
wavelength band, such as the atmospheric downwelling longwave radiance, the surface emissivity and the at-
mospheric transmittance, can be simulated by the CRTM, the spectral dependency of thermal energy is well
described. Therefore, the terrain correction parameters of the STLRE scheme which describes the geometric
effects can be reasonably applied to determine the weight of radiance adjustment at a specific wavelength.

The STLRE scheme is then applied to the CRTM. The radiance at top of atmosphere that is contributed by the
surface upward radiative term under the plane-parallel condition, that is, Ly,,f,c. »» includes the surface emissive

radiance and surface reflection of downwelling radiance,

JdT(p, cos )

a(in p) d(In p) (©)

Ps
L.\'u(fuz'e,p =&~ T(psa Cos 0) : B(l.\') + (1 - 6.\') . T(pxs cos 0) . / B(lp)
0

where ¢, is the surface emissivity, T(ps, cos 9) is the transmittance from the surface to the TOA in the satellite
observation direction, B(%,) is the Planck function of LST, B(z,) is the Planck function of temperature at pressure
p , and T(p, cos 0) is the transmittance from pressure p to the TOA.

According to Equation 5, the Lg radiance is J3*B(z,) W(i(ln p), while the L; radiance is &, B(t,).

Therefore, the surface radiative term over the rugged areas, that is, Ly,fqce,, 18 modified as,

Lsurface,t =& T(Ps, Cos 0) . B(l‘s) +

dT(p, cos ) @)

Ps
(1 —&,)-T(p;, cos 6) - [fo B(1,) 2(np) d(Inp)-P, + &,-B(t,)- P, |.
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Figure 3. (a) The terrain height (color shaded; unit: m) of the WRF model domain. (b) Spatial distributions of IGBP land cover types: (1) Evergreen Needleleaf Forest,
(2) Evergreen Broadleaf Forest, (3) Deciduous Needleleaf Forest, (4) Deciduous Broadleaf Forest, (5) Mixed Forests, (6) Closed Shrublands, (7) Open Shrublands, (8)
Woody Savannas, (9) Savannas (10) Grasslands (11) Permanent Wetlands (12) Croplands (13) Urban and Built-Up (14) Cropland/Natural Vegetation Mosaic (15)
Snow and Ice (16) Barren or Sparsely Vegetated (17) Water (18) Wooded Tundra (19) Mixed Tundra, and (20) Barren Tundra. (c) Schematic illustration of the data
assimilation cycling designed for the AGRI TB simulation.

In the rugged areas, according to Equation 5, if the sub-pixel terrain slopes are uniform within the pixel,

N N
P, i% Z SKV; and P, =1 — P;, where ﬁ E SKV; is the pixel-scale SKV aggregated from sub-pixels within a

i=1 i=1
pixel. Compared with the traditional plane-parallel scheme, the simulation differences of radiance is

B(t,)

2 0T(p, cos 0)
/(; ' Wd(lnp)-(l =P (8

5Lsmjface = (1 - es) : T(sz Cos 9) : l:es : B(tv) : P2 -
As a result, the sub-pixel terrain impact on TB simulation is attributed to the reflection of SDLR.

2.3. Experimental Design

The ARW-WREF version 3.9.1 is employed as the forecasting model in this study. The forecasts are produced at a
15-km resolution in a domain of 163 X 163 horizontal grid points, covering central and eastern China (Figure 3a).
Complex terrains including the eastern slope of the Tibetan Plateau, the Qinling Mountains and the hilly region
along the southeast coast are located in the domain. The model has 48 vertical levels extending from the surface to
about 10 hPa. Physical parameterization schemes (Skamarock et al., 2008) include the Rapid Radiative Transfer
Model longwave radiation, the Dudhia shortwave radiation, the WRF single-moment 6-class (WSM6) micro-
physics, the Yonsei University planetary boundary layer, the Monin—Obukhov surface layer, the Noah land
surface and the Kain-Fritsch cumulus schemes. The land type uses the International Geosphere-Biosphere Pro-
gram (IGBP) classification. In central and eastern China, the land surface is mostly covered by different kinds of
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forests in the southern part, by cropland in the middle part, and by grassland, shrubland and barren in the northern
part (Figure 3b).

Model forecasts are launched every 6 hr with the atmospheric initial and boundary conditions provided by the
NCEP GFS global analyses and forecasts data which have the horizontal resolution of 0.25° X 0.25°. After a 6-hr
pre-forecast, the AGRI clear-sky TBs are simulated by the CRTM at a 3-hr interval. Specifically, the forecasts
valid at 0600, 1200, 1800, 0000 and 0300 UTC, are initialized from 0000, 0600, 1200 and 1800 UTC on each day
during June 2022 to May 2023, respectively (Figure 3c). Therefore, eight samples at 3-hr intervals are generated
every day, which mimic a realistic O-B performance in regional DA. AGRI TBs are simulated and compared with
the observations. Two experiments are conducted to explore the benefits of modified observation operators with
the consideration of STLRE. The control experiment (ExpCTL) applies the default CRTM without the STLRE
while the other experiment (ExpTOPO) employs the modified CRTM considering the STLRE to simulate the
AGRI TBs over land. For the calculations of O-B in ExpCTL and ExpTOPO, the observed TBs provided by
AGRI are the same, while the simulated TBs are calculated by default CRTM and modified CRTM, respectively.

3. Results

To avoid the systematic TB O-B biases related to potential LST, LSE and other uncertainties in the radiative
transfer simulations, we analyze the terrain residual biases m with the averaged biases of flat
areas y1,(6, ) removed. The u,(0,p) are sampled by the data of pixel-scale aggregated SKV larger than 0.99
within 1° X 1° latitudinal and longitudinal boxes separately for daytime and nighttime in different months.
Excluding the systematic biases, the residual biases Tﬂp(@,qo) can better characterize the biases caused

by insufficient considerations of terrain impact in RTM.

Results of AGRI TB simulations by the default CRTM show orography dependent biases in rugged terrain areas.
Figure 4 displays the distributions of aggregated SKV at AGRI pixel-scale and the clear-sky TB O-B biases of
channel 11 (8.6 pm), channel 12 (10.8 pm) and channel 13 (12.0 pm) from ExpCTL averaged within 1° X 1° grid
boxes in the simulation domain using the 1-year data sample. The regional mean helps to show the geographic
distribution of TB biases. It shows obvious positive biases in the eastern slope of the Tibet Plateau (around 102°E,
30°N) and the Qinling Mountains (around 109°E, 32°N), and slight positive biases in the Zhejiang-Fujian hilly
regions (around 119°E, 27°N) and the Guangxi-Hunan hilly regions (around 107°E, 25°N). It indicates the
surface-sensitive TBs are underestimated by the default CRTM which ignores the STLRE. The limitation of the
traditional observation operator restricts the effective AGRI DA over rugged areas.

Two typical regions are selected to compare the AGRI TB simulations between the default and the modified
CRTM. Figures 5a, 5b, 5f, and 5h show the distributions of AGRI clear-sky O-B biases for channel 12 in region 1
(eastern slope of the Tibetan Plateau) and region 2 (Qinling Mountains) at 1800 UTC 29 January 2023, simulated
by ExpCTL and ExpTOPO, respectively. This scene is selected for a wide expanse of clear sky. In region 1, the
terrain residual biases produced by the ExpCTL with the intensity up to 0.6 K is located in the areas east to 101°E
(Figure 5a), while the biases produced by the ExpTOPO are much closer to zero within the range of about
—0.2 ~ 0.3 K (Figure 5b). In region 2, the terrain residual biases produced by the ExpCTL are about 0.4 ~ 0.7 K
and situated along the west-east oriented mountains around 32°N (Figure 5f), while the biases produced by the
ExpTOPO can be reduced to about —0.2 ~ 0.2 K (Figure 5g). The simulated TB differences between ExpTOPO
and ExpCTL (ExpTOPO minus ExpCTL) show negative patterns (Figures 5c and 5h), suggesting the ExpTOPO
reasonably compensates the positive TB O-B biases that are revealed in ExpCTL (Figures 5a and 5f). Theoret-
ically, the SDLR over rugged areas are weighted by both of the atmospheric downwelling radiance and the
radiance emitted by surrounding terrain. Without considering the STLRE in ExpCTL, the simulated downwelling
radiance is only contributed by the atmospheric downwelling radiance, which are usually smaller than the terrain
emissive radiance because of positive land-air temperature difference. It causes underestimated downwelling
radiance as well as the surface reflection of downwelling radiance. It finally results in underestimated TB
simulation and positive O-B bias. Considering the STLRE can clearly reduce the positive biases in the rugged
areas indicated by small SKVs (Figures 5d and 5i). These rugged areas generally correspond to the land type of
mixed forests or grassland (Figures 5e and 5j).

In addition to single time cases, Figures 6a—6¢ show the long-term statistical characteristics of residual O-B biases
produced by ExpCTL and ExpTOPO experiments with respect to the SKV. The four mountainous regions shown
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Figure 4. (a) Distributions of the SKV aggregated at the FY-4A/AGRI pixel scale. Spatial distributions of O-B-u, biases
(unit: K) of ExpCTL for the channels (b) 11, (¢) 12 and (d) 13 within 1° X 1° boxes averaged by the clear-sky samples from
June 2022 to May 2023. The systematic biases uy at plane surface conditions are subtracted in (b), (c), (d).

in Figure 4a are focused on. As the SKV decreases, the terrain is more complex and the terrain impact on SDLR
simulation becomes more obvious. The O-B biases produced by the ExpCTL show increasing trends at all of the
three wavelengths. The maximum of O-B biases for the three channels are larger than or close to 0.4 K. It reveals
that the default CRTM significantly underestimates the TB values as the terrain complexity increases. In com-
parison, the O-B biases produced by the ExpTOPO remarkably decrease to close to zero, which shows marginal
variation as the SKV varies. Compared to the ExpCTL experiment, the biases produced by the ExpTOPO
experiment averaged over the regions with the SKV less than 0.8 can be reduced by 64.2%, 72.7% and 67.6% for
the channels 11, 12 and 13, respectively. By considering the STLRE, the total SDLR produced by the ExpTOPO
experiment is increased in the rugged areas. The reflection of SDLR in the RTM (Equation 7) leads to larger TB
simulated values. Therefore, the ExpTOPO experiment produces lower O-B biases than the ExpCTL experiment.
The root mean square errors (RMSEs) calculated by the O-B of AGRI channel 11-13 are shown in Figures 6d—6f.
As the SKV decreases, the RMSEs become smaller in the ExpTOPO experiment than in the ExpCTL experiment,
implying that the modified observation operator effectively improves the TB simulation accuracy in the rugged
areas.

Because the infrared DA in regional models requires geostationary satellite data with high temporal frequency, we
also examine the TB simulation performance at different times of the day for the ExpCTL and ExpTOPO ex-
periments. Figure 7 shows the diurnal variations of O-B residual biases and the RMSEs for the AGRI channels
11-13. The clear-sky data pixels with the SKV less than 0.85 are employed to represent the rugged areas. For
channel 11, about 0.2 K positive biases are found in the ExpCTL experiment throughout the day. With the
STLRE, the ExpTOPO reduces the biases to nearly zero (Figure 7a). For the channels 12 and 13, as compared to
the ExpCTL experiment, the ExpTOPO experiment also reduces the biases with the magnitude of 0.2 ~ 0.3 K
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Figure 5. Distributions of AGRI clear-sky TB O-B-y,, (unit: K) for channel 12 in (a), (b) region 1 (eastern slope of the Tibetan Plateau) and (f), (g) region 2 (Qinling
Mountains) at 1800 UTC 29 January 2023, for (a), (f) ExpCTL and (b), (g) ExpTOPO experiments (c), (h) Distributions of clear-sky TB differences calculated by
ExpTOPO minus ExpCTL for (c) region 1 and (h) region 2 (d), (i) Distributions of the SKV for (d) region 1 and (i) region 2 (e), (j) Distributions of the land types for
(e) region 1 and (j) region 2. The meaning of land type indices are the same as that in Figure 3.
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Figure 6. Averaged clear-sky (a)—(c) O-B-p,, biases and (d)—(f) RMSEs calculated by the O-B for AGRI channels (a), (d) 11 (b), () 12 and (c), (f) 13 with respect to the
SKYV for the ExpCTL and ExpTOPO experiments from June 2022 to May 2023. The gray bars indicate the total data count at each bin of SKV.
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Figure 7. Diurnal variations of averaged clear-sky (a)—(c) O-B-ﬂp biases and (d)—(f) RMSEs calculated by the O-B for AGRI channels (a), (d) 11 (b), (e) 12 and (c), (f) 13
for the ExpCTL and ExpTOPO experiments from June 2022 to May 2023. The data pixels are obtained under conditions that the SKV less than 0.85.

(Figures 7b and 7c). The diurnal fluctuations of O-B biases for the two channels are less than 0.2 K. The maximum
reductions of the simulated TB RMSEs are up to 0.2 K in the ExpTOPO compared to the ExpCTL (Figures 7d-7f)
for all the three channels. We can see stable improvements of TB simulation at different times of the day over
rugged areas due to considering the STLRE in CRTM.

We further investigate the simulated differences between the ExpTOPO and ExpCTL experiments over the
rugged areas in different months and under different land cover types. Figure 8 displays the mean TB simulated
differences as well as the mean LSE at the clear-sky pixels with the SKV less than 0.85. The TB simulation
differences directly reflect the impact of STLRE. The TB simulation differences at three wavelengths are
maximum in winter (about 0.2 ~ 0.3 K), followed by spring and autumn, and minimum in summer (about
0.1 ~ 0.2 K). Moreover, the monthly variations of TB simulation differences are larger in channel 11 than in
channels 12 and 13 (Figure 8a). Under different land surfaces classified by the IGBP land cover types, the TB
simulation differences are the largest under Barren or Sparsely Vegetated (about 0.3 ~ 0.4 K), followed by Open
Shrublands, Grasslands, Evergreen Needleaf Forest and Mixed Forests, while the smallest under Croplands,
Woody Savannas and Evergreen Broadleaf Forest (about 0.1 ~ 0.2 K) (Figure 8b).

According to Equation 8, the TB simulation differences between the ExpTOPO and ExpCTL experiments
theoretically come from the differences between the terrain emissive radiance and atmospheric downwelling
radiance, which is proportional to the land-air temperature differences. As shown in Figures 9a—9c and 9e, the TB
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Figure 8. Averaged clear-sky TB simulated differences between ExpTOPO

$ $ $

<‘0 < o

N & & R N
& & & &

N

Qo
A

0.5 1.0
¥ (@ Chll ChI2 Chi3
E 0.4 L0.98
Q
[ j ; 'ﬁ m
& 0.3 F0.96 5.
‘E 0.2 10.94 =
o <
5
S 0.1 L0.92
o
<
= 0.0- L0.9

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

Month

~0.5 1.0
X 7| (b) Ch11 Ch12 Ch13
—
£ 0.4- L0.98
2
=< m
4 0.3 -0.96 B
2 Z.
‘E 0.2 L0.94 5
o <
So1] L0.92
[_1 - .
[=9
»®
= 0.0- ~0.9

and ExpCTL, as well as averaged emissivity (solid lines with dots) for
channels 11-13, as variations to (a) different months and (b) different land
types, under conditions that the SKV less than 0.85.

simulation differences with respect to the SKV under four levels of land-air
temperature differences, the simulation differences for all the three chan-
nels increase as the land-air temperature differences gradually increase. Since
the mean land-air temperature differences are higher in winter than in summer
(not shown), the TB simulation correction in the ExpTOPO experiment is the
greatest in winter (Figure 8a).

In addition, according to Equation 8, the TB simulation differences are
inversely proportional to the LSE. Figures 9b-9d and f show the TB simu-
lation differences with respect to the SKV under four levels of LSE. As the
LSE gradually decreases, the simulation differences increase for all the three
channels (Figures 9b, 9d and 9f). The larger corrections of TB simulations
under Barren or Sparsely Vegetated type are attributed to the smaller LSE
(Figure 8b). Also, the LSE is smaller in winter than in other seasons
(Figures 1c and 1d) over the rugged regions with the SKV less than 0.85, and
the LSE at the wavelength of channel 11 is smaller than the other two
wavelengths. This explains why the variations of TB simulation differences
between two schemes are larger in channel 11 than in channels 12 and 13
(Figure 8a).

4. Conclusion and Discussion

In current RTM, the radiative transfer near surface is based on the plane-
parallel scheme, which ignores the impact of terrain undulation on the
surface downwelling long-wave radiance (SDLR). The sub-pixel terrain
long-wave radiative effect (STLRE) are important to satellite surface-

sensitive infrared TB simulation over rugged areas. However, the absence of STLRE limits the numerical

models to effectively assimilate satellite data over land. This study incorporates a STLRE scheme, which
considers both the obstruction of atmospheric downwelling radiance and the surrounding terrain emissive
radiance into the CRTM for the FY-4A/AGRI TB simulations. The TB simulation performance is focused on

the rugged areas.

The DEM data with the horizontal resolution of 3” are applied to describe the sub-pixel terrain parameters such as

the elevation, slope, aspect and sky view factor (SKV). Compared to flat areas, the total SDLR at sub-pixel scale
over rugged areas is composed of the SDLR from atmosphere and the long-wave radiance emitted from sur-

rounding terrains, weighted by the SKV. Based on the homogenous assumption for the thermal conditions within

the pixels, a STLRE scheme is established at pixel scale. The static terrain correction factors for every AGRI pixel

point are calculated once using the sub-pixel terrain parameters. In the CRTM, the reflection of SDLR at AGRI

pixel scale is then modified according to the terrain correction factors.

Experiments ExpCTL (ExpTOPO) are conducted to evaluate the AGRI clear-sky TB simulations of channels 11—

13 over rugged areas using the default (modified) CRTM, during 2022~2023. To mimic the regional data

assimilation, the WRF forecasting fields at 3-hr intervals are used as atmospheric input to CRTM embedded in the
GSI DA system. The FY-4A/AGRI land surface temperature product and the UW_HSRemis land surface
emissivity are used as the surface parameters input.

Statistical results of AGRI O-B show that without considering the STLRE tends to underestimate the TB over the
rugged regions. In the traditional scheme, ignoring the effect of downwelling radiances emitted by the sur-

rounding terrain causes underestimated downwelling radiances during the radiative transfer simulation, which

results in underestimated TB simulation and positive O-B biases. The simulation biases are proportional to the

terrain complexity and increase with the SKV decreasing in the ExpCTL experiment. Considering the STLRE in
CRTM in the ExpTOPO experiment can clearly reduce the orography dependent simulation biases. The mean
reduction of O-B biases over rugged areas are 64.2%, 72.7% and 67.6% for the three wavelengths, respectively.
These corrections are found stable at different times of a day, which is important for regional data assimilation

purposes. Besides, the corrections induced by the consideration of STLRE are found more obvious in winter than
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Figure 9. Averaged TB simulated differences between the ExpTOPO and ExpCTL experiments for the AGRI channels (a),
(b) 11 (c), (d) 12 and (e), (f) 13 with respect to the SKV under the conditions of different land-air temperature differences (a),
(c), (e), and different LSEs (b), (d), (f).
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in summer, and under the barren condition than under other land cover types. This can be mainly attributed to the
land-air temperature difference and the LSE.

This study serves as a pilot study to improve the RTM ability for infrared TB simulation of geostationary satellites
over complex terrains. Although the simulation results are promising, the following deficiencies due to objective
restrictions should be admitted. First, the isotropic assumption of the adjacent terrain emission ignores the dif-
ferences of the thermal property between the target point and its surrounding topography. Second, the homog-
enous assumption neglects the differences of thermal features within 4-km AGRI pixels. Third, because of the
high-orbit of FY-4A geostationary satellite, the situations of target sub-pixel obstructed by the surrounding
sub-pixels are not considered. Future plans are further updating the scheme considering the aspects mentioned
above.

Note that the current modified CRTM with STLRE scheme is designed for AGRI, which relies on the pre-
established terrain correction factors for its specific pixels. Implementing the scheme within CRTM, the only
thing required is to re-weight the emissive and reflective radiative terms using the two terrain correction factors.
In practical assimilation, the STLRE scheme can be applied universally to all scenarios because the simulated
downwelling radiance under different surface conditions can be easily adjusted by the two terrain correction
parameters. In theory, the parameterization could be efficiently applied to the newest version of CRTM or any
other RTM by the same way. Further applications for other geostationary satellite instruments require the similar
construction of terrain correction factors that are suitable for their pixel scales. Furthermore, for polar-orbiting
satellites, the major challenges of applying the STLRE scheme are the none-static locations of field of views
and the relative coarser resolution of each footprint. Besides, the TB simulation improvements are encouraging
for future DA of satellite surface-sensitive channels over complex terrain. The DA impacts on severe convective
forecasts will be assessed in follow-on studies.

Data Availability Statement

The AGRI brightness temperature observation, LST retrievals and cloud mask products were collected from the
National Satellite Meteorological Center of China (http://satellite.nsmc.org.cn/). The DEM data is obtained from
the SRTM Digital Elevation Database Version 4.1 with a horizontal resolution of 3” (Jarvis et al., 2008).
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