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Abstract
This paper presents the results of the recent development of the all-sky radiance assimilation system in the Korean Integrated 
Model (KIM). In the cycled analysis and forecast experiments, the increased coverage of radiance data in cloudy regions 
improved the quality of initial fields for mass variables, temperature and humidity. The experimental period covered the 
record-breaking heavy rainfall event on August 9, 2022. We examined the simulation accuracy of the western North Pacific 
subtropical high (WNPSH) in both clear- and all-sky experiments. In the clear-sky experiment, northward propagation of 
the WNPSH was restricted. A humid bias exists with clear-sky radiance assimilation over the WNPSH region. Since humid 
air is lighter than dry air, in this situation, the geopotential height (GPH) should be lower to achieve the same pressure, and 
a low-pressure bias occurs. All-sky radiance assimilation dries the moisture field, which helps elevate the GPH over the 
WNPSH region. The expansion of the WNPSH yielded a steeper confrontation in the air between the land and ocean around 
the southeastern sea of the Korean Peninsula to predict the strength of rainfall events more accurately. A more accurate 
simulation of the jet stream outlet was also demonstrated in an all-sky experiment. This study shows that the all-sky radi-
ance assimilation can help to more accurately predict extreme rainfall events via proper simulations of large-scale fields.

Keywords  All-sky radiance · heavy rainfall · data assimilation · initial condition · KIM

1  Introduction

In the summer of 2022, torrential rainfall events occurred 
across the Korea Peninsula. On August 8‒9, 2022, it rained 
explosively in the Seoul metropolitan area within a short 
time period. Owing to the narrow width of the precipitation 
system, many places were excluded from the effects of such 
explosive precipitation, even within the Korean Peninsula. 
Concentrated precipitation in such a narrow convection band 
is thought to have a different mechanism behind the wider 
monsoonal rainfall events. Numerical prediction models 
were used to identify the precipitation mechanisms. In par-
ticular, attempts have been made to identify differences in 
precipitation simulation results according to differences in 
initial conditions, and to indirectly reveal latent mechanisms 

in the precipitation system through this (Argence et al. 2008; 
Khadke and Pattnaik 2021).

All-sky microwave radiances that are sensitive to water 
vapor, clouds, and precipitation contribute around 20% of 
the observational impact on the short-range forecasting skill 
at the European Center for Medium-range Weather Forecasts 
(ECMWF) (Geer et al. 2017). Even ignoring the cloud and 
precipitation information, it would be beneficial to obtain 
more information on temperature and moisture (and indi-
rectly, wind) in situations where the radiances are sensitive 
to a combination of temperature, water vapor, and hydrome-
teors (i.e., liquid or frozen water particles) (Geer et al. 2018). 
Better initialization of the mass and wind fields can lead to 
improved forecasts in the medium range. For example, the 
intensity of frontal precipitation can be brought closer to 
the observations by adjusting the strength of an associated 
low-pressure system (Geer et al. 2014). It is well known that 
the amount of water supplied affects the precipitation system 
(Khadke and Pattnaik 2021). Differences in initial moisture 
conditions occur according to the assimilation of clear-
sky radiance or all-sky radiation (Lee et al. 2020). Based 
on these two facts, we directly generated initial moisture 
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conditions that were produced differently according to the 
assimilation of clear-sky and all-sky radiance and examined 
their effects on the prediction of precipitation systems.

This paper presents the results of the recent development 
of the all-sky radiance assimilation system in the Korean 
Integrated Model (KIM). The assimilation of the observation 
of a specific variable affects the quality of the initial condi-
tions of other variables (Lee and Song 2018), particularly 
because moisture affects geopotential height (GPH). After a 
certain number of forecasting and data assimilation cycles, 
of which period covered the record-breaking heavy rainfall 
event on August 9, 2022, have been performed, there is a 
difference in the initial conditions of the GPH. The impact 
of all-sky radiance assimilation in the summer precipitation 
event, through the change in GPH of the initial conditions, 
is studied.

In Section 2, the experimental designs for clear-sky and 
all-sky radiance assimilation are presented, and their differ-
ences are identified. In Section 3, the differences between 
the predicted results of each experiment are identified and 
linked to the differences in the initial conditions. Section 4 
draws tentative conclusions from these results regarding pre-
cipitation events.

2 � Method

2.1 � KIM and a Hybrid‑4DEnVar System

The Korean Integrated Model (KIM), an operational non-
hydrostatic global atmospheric model, uses the spectral ele-
ment method on a cubed-sphere grid structure (Choi and 
Hong 2016; Hong et al. 2018). The KIM physics package 
includes a revised radiation scheme based on the rapid radi-
ative transfer model for Global Circulation Models (Baek 
2017), the revised Noah land surface model (Koo et al. 
2017), a scale-aware nonlocal planetary boundary layer 
(Lee et al. 2018), and sub-grid orographic gravity wave 
drag (Choi and Hong 2015). In particular, the KIM uses 
scale-aware mass-flux deep convection (Kwon and Hong 
2017) and shallow convection (Han et  al. 2016), cloud 
microphysics based on the Weather Research Forecasting 
(WRF) single-moment 5-class (WSM5; Hong et al. 2004) 
including the effective radius for hydrometeors (Bae et al. 
2016), and the prognostic cloud fraction scheme developed 
by Park et al. (2016).

The KIM with 91 vertical levels (the highest level at 
0.01 hPa) contains a hybrid four-dimensional ensemble 
variational assimilation (Hybrid-4DEnVar) system. The 
horizontal resolutions are 50 km (operationally 32 km) for 
the Hybrid-4DEnVar, and 25 km (operationally 12 km) for 
the KIM background. In Hybrid-4DEnVar, a 6-hour analysis 
window is used, and the ensemble trajectory is represented 

with seven hourly times. A 50-member ensemble of 50 km 
resolution is initialized with a local ensemble transform 
Kalman filter (LETKF; Shin et al. 2018). The ratio of ensem-
ble background error covariance varies, such as 0.7 near 
Tropics and 0.3 near the poles with smoothly transition. The 
static control variable incorporates a wind-mass transfor-
mation based on temperature-wind regression (Song et al. 
2017). The analyses consist of increments to the horizontal 
wind components, potential temperature, density, mixing 
ratio, and dry surface pressure, with the latter derived via a 
hydrostatic balance equation during a post-processing step 
(Kwon et al. 2018). Only the central analysis increment is 
added to the KIM using an Incremental Analysis Update 
(IAU) method with a triangular time-weighting function 
whose apex is centered on the increment’s validity time 
(Bloom et al. 1996; Lee et al. 2022).

2.2 � Data Assimilation Experiments

To investigate the impact of cloud-affected radiance assimi-
lation, we assimilated operational KIM observations (Kang 
et al. 2018) from a company with all-sky microwave satellite 
sensors during the period from 0000 UTC on 7 July 2022 to 
1800 UTC on 15 August 2022. In particular, July to August 
2022 is a period to analyze the precipitation forecast per-
formance of the KIM due to frequent precipitation. In this 
study, all-sky radiances for Microwave Humidity Sounder 
(MHS) channels 3 ~ 5 and Advanced Technology Micro-
wave Sounder (ATMS) channels 18 ~ 22 were assimilated. 
RTTOV-SCATT version 13.0 has been used as the obser-
vation operator, which provides multiple scattering radia-
tive transfer calculations at microwave frequencies (Bauer 
et al. 2006). We used individual hydrometeors (e.g., cloud 
water, cloud ice, rain, and snow) for the radiation scheme of 
RTTOV-SCATT, and bulk optical properties were derived 
from a range of particle models, including Mie spheres 
(liquid and frozen) and nonspherical ice habits from the 
Atmospheric Radiative Transfer Simulator (ARTS) data-
bases (Eriksson et al. 2018; Geer et al. 2021).

Bias correction (BC) for cloudy observations has been 
performed using BC coefficients calculated from clear-
sky pixels because there are no significant benefits in 
the various attempts at cloud-related BC schemes (Geer 
et al. 2018; Okamoto et al. 2018). In the quality check, 
the threshold for outlier rejection was determined by 
the symmetric cloud amount, which was adopted by the 
averaged scattering index (Eqs. (1) and (2) of Lee et al. 
2020). The observation errors for all-sky MHS/ATMS 
radiances were based on a symmetric observation error 
model suggested by Geer and Bauer (2011) and were 
estimated with standard deviations of first-guess depar-
tures as a function of the symmetric cloud amount. The 
observation errors for clear-sky MHS/ATMS radiance 
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assimilation were used as constant values. We chose the 
root-mean-square errors (RMSEs) of the analysis and 
forecast from the synchronistic ECMWF Integrated Fore-
casting System (IFS) analysis data from a 0.25˚ latitude-
longitude grid to measure the quality of the assimilated 

all-sky radiance data. The IFS model consists of the 
state-of-the-art data assimilation system, on which the 
ERA5 is made based, and its superiority was shown in 
a comparison of forecast skill using the same numeri-
cal model and the different initial conditions (Hersbach 

Table 1   Comparison of the 
experimental settings between 
the current work and Lee et al. 
(2020)

Components Lee et al. (2020) Current work

Model KIM v3.3
(resolution: 25 km, 0.01 hPa)

KIM v3.8
(resolution: same as Lee et al. (2020))

Data assimilation Single loop
(w/o update the background state)

Multiple outer-loop
(update the background state)

All-sky radiance data MHS MHS and ATMS
Observation operator RTTOV v11.3 RTTOV v13.0
Observation error Inflated by twice the standard deviation 

of O-B
Geer and Bauer (2011)

O-B check Constant threshold
(10 K)

Different threshold based on cloud 
amount (30 ~ 37 K)

Fig. 1   Accumulated number of observations for MHS channel 4 for (a) clear-sky assimilation (CTL); and (b) all-sky assimilation (EXP) during 
the cycling period

Fig. 2   (a) Timeseries of global-averaged root-mean-square-error (RMSE) for temperature (unit: K) and (b) specific humidity (unit: g⋅kg−1) 
against IFS analysis from July 13, 2022, to August 15, 2022, for 6-hour interval analysis-forecast cycles of the hybrid 4D-EnVar system
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et al. 2020; López-Reyes et al. 2023). A previous study 
on KIM’s all-sky radiance assimilation is introduced in 
detail by Lee et al. (2020). The discrepancies between 
the current study and Lee et al. (2020) are presented in 
Table 1.

Figure 1 shows all available MHS observations for clear-
sky assimilation (CTL) and all-sky assimilation (EXP) sam-
pled only over the ocean. Compared to CTL, an approxi-
mate 9 ~ 20% more observations were assimilated using the 
all-sky approach. Although CTL loses many observations 
throughout East Asia and tropical regions (Fig. 1a), EXP 
provides uniform coverage over most of the globe (Fig. 1b). 
We expected that consistency in the coverage of radiance 
data over East Asia would increase the persistence of the 
accuracy of precipitation forecasts.

3 � Results

3.1 � Global Analysis Impact for All‑sky Radiance 
Assimilation

Improvements in the temperature and humidity analy-
ses directly affected by the all-sky radiance assimilation 
is remarkable (Fig. 2). It can be observed that the differ-
ence in the analysis performance between CTL and EXP 
increases in the later part of the cycle. The beneficial impact 
of all-sky radiance assimilation is also seen in the improve-
ment of the temperature background throughout the model 
layer (Fig. 3a). Unfortunately, the bias in specific humid-
ity shows little improvement (Fig. 3b). The humidity bias 
was similar in the lower troposphere; however, the dry bias 

Fig. 3   (a) Vertical difference of global-averaged temperature (unit: K) and (b) specific humidity (unit: g⋅kg−1) against IFS analysis for the 
cycling period

Fig. 4   Spatial distributions of specific humidity (unit: g⋅kg−1) at 850 hPa: (a) background bias for CTL, (b) analysis increment for CTL, and (c) 
analysis increment difference between CTL and EXP during the cycling period
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increased slightly at approximately 500 hPa. This is because 
the moisture is fluent below 925 hPa; wet bias of the KIM 
is dominant there; the dry analysis increment induced from 
the lower level that corrected the wet bias at the lower level 
tends to corrupt the wet bias at the upper level.

Meanwhile, the dry bias of the KIM is dominant at 
850 hPa. As seen in Fig. 4a, the one-month averaged bias 
in specific humidity is negative (-0.1001 g⋅kg−1) which 
covers the tropics and the southern hemisphere. Although 
the negative bias in the tropics worsens slightly in clear-
sky radiance assimilation (Fig. 4b), in the all-sky assimi-
lation, the difference in analysis increments corrects the 

worsening bias of the CTL analysis increment in the trop-
ics (Fig. 4c).

Even if observations are sensitive to a particular model 
variable, if continued in cycles, the effect often spreads 
to other variables (Lee and Song 2018). It was confirmed 
that the assimilation of all-sky radiation in this study also 
affected temperature and wind parameters. Figure 5 shows 
the zonal average of the analysis (0-hour forecast) error 
reduction of the zonal wind (-0.7%), meridional wind 
(-0.6%), temperature (-1.1%) and specific humidity (-1.3%) 
from 0000 UTC on 13 July to 1800 UTC on 15 August, 
2022, excluding a spin-up period. The beneficial wind 

Fig. 5   Composite of the analysis error reductions for (a) zonal wind 
(m⋅s−1), (b) meridional wind (m⋅s−1), (c) temperature (K), and (d) 
specific humidity (g⋅kg−1) against IFS analysis from July 13, 2022, 
to August 15, 2022, for 6-hour interval analysis-forecast cycles of the 

hybrid 4D-EnVar system. Blue and red shading denote beneficial and 
negative analysis impacts of the EXP, respectively. The small black 
dots indicate a 95% significant difference, verified by a t-test, between 
the CTL and EXP.
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analysis impact of all-sky radiance assimilation was sig-
nificant in the tropics, around 30˚S–30˚N for 100–850 hPa 
(Fig. 5a and b). Although the beneficial impact on the wind 
component focuses on tropical regions, a remarkably sub-
stantial positive impact on the mass components (e.g., tem-
perature and specific humidity) expands around the subtropi-
cal region and the Northern Hemisphere mid-latitudes for 
the lower tropospheric levels (Fig. 5c and d).

In both experiments, the background quality of the mass 
variable is linked to the GPH performance. Figure 6 shows 
the GPH analysis errors at different model levels. The 
improvement in GPH in the upper atmosphere (250 hPa) is 
relatively larger than that in the lower atmosphere (850 hPa). 
At 500 hPa, the RMSE of GPH-500 hPa for EXP is smaller 

than that for CTL (Fig. 6b). The analysis performance of the 
mass variables (i.e., the initial conditions of the KIM) will 
affect the performance of the model forecast. This motivated 
us to study the weather forecast performance of extremely 
heavy rainfall on 9 August 2022, the mechanism of which 
has been examined by Oh et al. (2023) for all-sky radiance 
assimilation.

3.2 � Case Study of the Precipitation Event

On August 9, 2022, the precipitation system was located 
within a narrow east-to-west band, with variations in rain-
fall amounts across the Korean Peninsula (Fig. 7). From the 
pressure system centering in Mongolia, the pressure trough 

Fig. 6   Box plots of global-averaged analysis RMSE for GPH (unit: m) at (a) 250 hPa, (b) 500 hPa, and (c) 850 hPa against IFS analysis from 
July 13, 2022, to August 15, 2022

Fig. 7   (a) Geo-KOMPSAT 2 A (GK2A) IR channel (10.35 μm) image; and (b) 24-hour accumulated rainfall amount (in mm) from the Auto-
matic Weather Systems (AWS) observations at 0000 UTC on August 9, 2022
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stretching its assembly in the southwest direction will take the 
form of connecting a line in the west direction with a strong 
pressure trough in a row from the Chinese mainland (Fig. 8).

The main elements of this synoptic pattern were simu-
lated differently according to the initial conditions, even 
when using the same numerical forecasting model was 
used (Fig. 8). In Fig. 8, the first panel shows the IFS of 
the ECMWF 12-hour forecast field used as a reference, and 
the center and right panels are the 72-hour forecast field for 
August 9, 2022, at 0000 UTC predicted in the clear-sky and 
all-sky experiments, respectively. As shown in Fig. S1 (a 

different version of Fig. 8 focused on the Korean Peninsula), 
the precipitation cores over Korea and northern Japan are 
stronger in EXP rather than in CTL to be more similar to 
those in the reference field from the IFS. Oh et al. (2023) 
explained the dynamic components represented by wind 
were the main cause of this rainfall event, with a subsequent 
aid, approximately 30% of the total contributions of the ther-
modynamic component represented by the moisture content. 
Based on this examination, the differences in the precipita-
tion systems simulated in clear-sky and all-sky experiments 
were investigated.

Fig. 8   (a) ECMWF’s IFS weather chart with a 12-hour forecast; (b) 
the KIM’s 72-hour forecast weather charts from CTL; and (c) EXP at 
the surface, at 0000 UTC on August 9, 2022. The solid line represents 

sea level pressure (hPa), and the color shading represents the 6-hour 
accumulated precipitation (mm)

Fig. 9   Fields of 850  hPa-specific humidity (g⋅kg−1) and 850  hPa-
wind vector (m⋅s−1) at KIM’s initial (upper) and 72-hour forecast 
(lower): IFS (a, c), the difference between CTL and IFS (b, e) and 

the difference between EXP and CTL (c, f). The initial time is 0000 
UTC on August 6, 2022, and the forecast target time is 0000 UTC on 
August 9, 2022
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In both experiments, differences in specific humidity 
and winds at 850 hPa were not apparent (Fig. 9). Never-
theless, we note that the overestimation of humidity in the 
initial condition of the CTL, with a domain-averaged bias 
of + 0.061 g⋅kg−1 (Fig. 9b), becomes smaller in the EXP 
with all-sky radiance assimilation, with a domain average of 
-0.026 g⋅kg−1. (Fig. 9c). This is consistent with the results 
of the all-sky radiance experiment of making the humidity 
field drier, as shown in Fig. 3b.

The western North Pacific subtropical high (WNPSH) 
stretched abnormally north to near Japan on August 9, 2022 

(refer to Fig. 5 in Oh et al. 2023), which was designated as 
the main cause of this record-breaking rainfall event, creat-
ing a strong frontal conflict in the air over land and ocean 
in this monsoon season. The all-sky radiance assimilation 
improved the quality of the analysis of the overall levels of 
GPH, as shown in Fig. 6 and S2. The WNPSH is mainly 
expressed as a 500 hPa GPH. In the clear-sky assimilation 
experiment, the northward movement of the WNPSH was 
blocked, with an underestimation of the 500-hPa GPH over 
the ocean east of Japan (Fig. 10e). This underestimation was 

Fig. 10   Fields of 500  hPa-GPH (unit: m) and 200  hPa-wind vector 
(m⋅s−1) at KIM’s initial (upper) and 72-hour forecast (lower): IFS 
(a, c), the difference between CTL and IFS (b, e) and the difference 

between EXP and CTL (c, f). The initial time is 0000 UTC on August 
6, 2022, and the forecast target time is 0000 UTC on August 9, 2022

Fig. 11   Comparison of the horizontal wind speed (colored shading; 
m⋅s−1), GPH (solid contours; m) and temperature (dashed contours; 
˚C) at 200 hPa, from (a) ECMWF’s IFS weather chart with a 12-hour 
forecast, (b) KIM 72-hour forecast weather charts of CTL and (c) 

EXP. Centers of high (H) and low (L) pressure, and warm (W) and 
cold (C) air, are marked with bold letters. The target time is 0000 
UTC on August 9, 2022
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countered in the all-sky radiance assimilation experiment 
with a feature closer to the IFS GPH (Fig. 10f).

The upper troposphere above the northern part of the 
Korean Peninsula passed through the jet stream (Figs. 10d 
and 11a). There is an upper-level convergence zone to the 
right south of the exit of the jet stream (Holton 2004). 
In the reference field of 12-hour forecast of the IFS tar-
geting August 9, 2022, the exit of the jet stream is not 
located over the north of the Korean Peninsula. However, 
the low-pressure difference in the 72-hour forecast of the 
CTL experiment (Fig. 10e) contributes to changing the 
northeastern region of the Korean Peninsula to the exit 
of the jet stream (Fig. 11b). In the all-sky experiment, 
the low-pressure anomaly was restricted by high-pressure 
wind flow to extend the range of the jet stream.

4 � Summary and Implications

This paper presents the results of the recent development 
of the all-sky radiance assimilation system in the KIM. 
The experimental period covered the record-breaking 
heavy rainfall event on August 9, 2022. Improvements in 
the humidity field in the all-sky experiment were trans-
ferred to the temperature, GPH, and wind fields.

Oh et al. (2023) examined the dynamic and thermody-
namic causes of the rainfall event. Based on their analysis, 
the WNPSH is a crucial factor for that event, and we exam-
ined the accuracy of the simulation of the WNPSH in clear-
sky and all-sky experiments. In the clear-sky experiment, 
northward propagation of the WNPSH was restricted, and 
a humid bias exists with clear-sky radiance assimilation 
over the WNPSH region. Humid air is lighter than dry air; 
therefore, the GPH should be lower to achieve the same 
pressure, and a low-pressure bias occurs. All-sky radiance 
assimilation makes the moisture field drier, which helps 
elevate the GPH over the WNPSH region. The expansion 
of the WNPSH yielded a steeper confrontation in the air 
between land and ocean around the southeastern sea of the 
Korean Peninsula. A more accurate simulation of the jet 
stream outlet was also demonstrated in an all-sky experi-
ment. This study shows that the all-sky radiance assimila-
tion can help to more accurately predict extreme rainfall 
events through proper simulations of large-scale fields.

The variation in the jet stream outlet is also shown 
according to the different methods of assimilating the radi-
ance data. In the future, it is expected that an analysis with 
more statistical significance tests will be possible through 
correlation analysis using ensemble initial conditions.

Several future research items remain in the area of all-sky 
radiance data assimilation, including the solution to the mis-
match in cloud areas between the model and observation, bias 
correction of all-sky radiance observations, and modeling 

of observation error covariance (Okamoto et al. 2023). The 
application of new approaches, such as artificial intelligence 
to these issues, is a prospective subject of research.
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