JULY 2013

1433

KANG ET AL.

Improvement of AERI T/q Retrievals and Their Validation at
Anmyeon-Do, South Korea
SHIN-HOO KANG,* TAE-YOUNG GOO, AND MI-LIM OU
Global Environmental System Division, National Institute of Meteorological Research,
Korea Meteorological Administration, Seoul, South Korea
(Manuscript received 31 January 2012, in final form 20 January 2013)
ABSTRACT
An Atmospheric Emitted Radiance Interferometer (AERI), which measures downwelling radiances, has
been in operation at Anmyeon-do, South Korea, since June 2010. Temperature and moisture (T/q) profiles
with high temporal and vertical resolution can be retrieved from the measured AERI spectrum through the
retrieval algorithm AERIPROF. In this work, AERIPROF has been optimized to improve the retrieval
performance: 1) a bias spectrum was computed from the coincident radiosondes during the field experiments
at Anmyeon-do and 2) regression coefficients were obtained from local radiosondes and associated simulated
spectral radiances. An evaluation was performed in the lower troposphere (,700 hPa) with the radiosondes
on clear-sky days during the field experiments at Anmyeon-do. The optimized statistical regression results in
an improvement of ;0.6 K for temperature and ;0.6 g kg21 for the mixing ratio on average, in comparison to
the original statistical regression. In addition, the optimized AERI T/q retrievals are compared with the
satellite [Aqua/Atmospheric Infrared Sounder (AIRS), Meteorological Operation (MetOp)/Infrared Atmospheric Sounding Interferometer (IASI)] T/q retrievals as well as with T/q profiles analyzed from the
regional NWP model, the Korea Local Analysis and Prediction System (KLAPS) analysis. The RMS errors of
the AERI retrievals are smaller than those of the satellite retrievals (the KLAPS analysis) by ;1.3 K
(;0.2 K) for temperature and ;0.3 g kg21 (;0.2 g kg21) for the mixing ratio on average. Significant differences could be found between the AERI retrievals with the KLAPS and the satellite retrievals. The local
climatic condition seems to be an important factor to bring about this improvement. Considering the training
dataset made with spatially distant radiosondes, this is a significant finding. The AERI could bring new information about the lower troposphere.

1. Introduction
Radiosonde measurements are important sources of
data for climate studies and numerical weather prediction. However, because of high costs and the low temporal resolution of radiosondes, there has been much
effort to retrieve temperature and moisture profiles from
remote sensing instruments with high-temporal resolution
instead of radiosondes. Vertical resolving power of temperature and moisture requires high-spectral resolution
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measurements. This has led to the development of hyperspectral sensors, which make it possible to acquire
profiles with high vertical resolution (Smith et al. 1999;
Feltz et al. 2003; Goldberg et al. 2003; Zhou et al. 2009;
Hilton et al. 2012).
Satellite-based remote sensors offer a unique way to
measure atmospheric structure on a global scale. However, the accuracy of vertical profiles of temperature and
moisture is reduced near the earth’s surface. Groundbased remote sensing instruments could compensate
for the drawback of satellite-based retrievals (Liljegren
et al. 2001; Feltz et al. 1998).
The Atmospheric Emitted Radiance Interferometer
(AERI) was developed by the Space Science and Engineering Center (SSEC) at the University of Wisconsin–
Madison. The AERI system has approximately 5000
spectral channels with 0.5 cm21 spectral resolution, from
which we can retrieve temperature and moisture soundings
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FIG. 1. (a) Installed AERI system in the container house. AERI has been operated at (b) Anmyeon-do since June
2010. Field observations were conducted at Anmyeon-do to assess the AERI T/q retrieval performance.

with high vertical resolution from the surface to
3 km (Smith et al. 1999; Feltz et al. 2003). The AERI
is deployed at sites of the Department of Energy’s
Atmospheric Radiation Measurement (ARM) Program
(Stokes and Schwartz 1994; Ackerman and Stokes 2003),
in the polar region (Walden et al. 2005; Rowe et al. 2008;
Mariani et al. 2011) and on a research vessel (Minnett
et al. 2001; Szczodrak et al. 2007).
The AERI system has been installed at Anmyeon-do
(36.538N, 126.338E), South Korea, and operated since
June 2010 to measure downwelling radiances and retrieve atmospheric environmental information, such as
temperature and moisture profiles, and a total column
concentration of trace gases (Fig. 1a).
AERIPROF is the algorithm used for retrieving temperature and moisture (T/q) profiles (Smith et al. 1999;
Feltz et al. 2007). Because the algorithm assumes that
perturbations of T/q profiles and that their radiances are
linearly correlated, it requires an accurate initial (or first
guess) profile.
In this paper, we optimized the AERIPROF algorithm
to improve the AERI retrievals: 1) a static bias spectrum
of the AERI was substituted with that computed from
radiosonde observations collected during field experiments and 2) regression coefficients were derived from
local radiosonde data for a 2-yr period and associated
spectra. However, our statistical regression is significantly
different from Feltz et al. (2007). We have retrieved
a logarithmic mixing ratio instead of relative humidity. In
addition, we made our training dataset with spatially noncoincident radiosondes at a nearby weather station. To assess the sounding ability of the AERI, the optimized AERI

retrievals are validated against coincident radiosonde
measurements and compared with the satellite-based
retrievals from the Aqua/Atmospheric Infrared Sounder
(AIRS) and the Meteorological Operation (MetOp)/
Infrared Atmospheric Sounding Interferometer (IASI),
and with the profiles from the regional NWP, the Korea
Local Analysis and Prediction System (KLAPS) analysis, in the lower troposphere (,700 hPa).

2. Instrument and data
a. Site and radiosonde observations
The observation site, Anmyeon-do (36.538N, 126.338E),
is the sixth largest island in South Korea (87.96 km2) and
is located on the west coast of the Chungnam province
(Fig. 1b). The annual average temperature for 2010 was
12.38C, where the lowest (highest) monthly mean temperature was 21.28C (26.88C) in January (August). Annual precipitation for 2010 was 1444 mm, and the amount
of rainfall in the summer was 765.5 mm (KMA 2010).
Field observations (26–27 May 2010, 3–4 November
2010, 23–24 March 2011, 17–18 May 2011, and 6–7
October 2011) were conducted 5 times by the National
Institute of Meteorological Research (NIMR). The
primary goal of the field observations was to evaluate
the T/q retrieval performance of the AERI.
In situ measurements of vertical profiles of temperature and moisture were obtained by using commercial
DFM-06 radiosondes manufactured by Graw in Germany.
Typical accuracies of the radiosonde measurements are
60.2 K for temperature and 65% for relative humidity
(Immler et al. 2010). The radiosondes were launched 4
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FIG. 2. Downwelling radiances from 500 to 3000 cm21 measured by AERI at 1259 UTC
26 May 2010 (black) and 1809 UTC 23 Mar 2011 (gray). AERIPROF uses 4.3- and 15-mm CO2
bands (light gray bars) for temperature, and 6.6- and 18-mm H2O bands (dark gray bars) for
moisture retrieval. Air temperature and amount of precipitable water vapor were 290.8 K and
2.02 cm, respectively, in the May case; and 276.7 K and 0.38 cm, respectively, in the March case.

times per day when the satellites (Aqua/AIRS and MetOp/
IASI) passed over the site. A total of 25 radiosonde measurements on clear-sky days were used for the assessment.

b. Atmospheric Emitted Radiance Interferometer
at Anmyeon-do
The AERI is a fully automated interferometer that
measures the downwelling radiance from 3.3 to 19 mm
(520–3020 cm21) at better than 1 cm21 resolution. Since
the AERI spectrum covers CO2 bands (612–618, 624–
660, 674–713, and 2223–2260 cm21), H2O bands (538–
588 and 1250–1350 cm21), O3 bands (980–1080 cm21),
and the atmospheric window (800–1250 cm21), it can be
used to investigate the vertical distribution of temperature and moisture in the boundary layer (Smith et al.
1999; Feltz et al. 2003), to retrieve cloud properties
(Turner et al. 2003) and carbon monoxide (Yurganov
et al. 2010), and for other applications (Minnett et al.
2001; Szczodrak et al. 2007; Koch et al. 2008).

The AERI measures interferograms with two detectors
(520–1800 and 1800–3020 cm21). The radiance spectrum
is obtained from an interferogram by taking the Fourier
transform. The instrument has hot (333 K) and ambient
blackbodies for calibration. A typical measurement cycle
consists of a 3-min up-looking view to achieve a sufficient
signal-to-noise ratio, followed by viewing the two calibration blackbodies for 2 min. Calibrated sky radiances
are produced with an absolute calibration accuracy of
better than 1% of the ambient radiance about every
8 min. Knuteson et al. (2004a,b) provide more details on
the instrument’s design, calibration, and validation of
radiance.
Figure 2 shows the apodized spectra measured by the
AERI on 26 May 2010 (case 1) and on 23 March 2011
(case 2). The air temperature at ground level in case 1
(290.8 K) was larger than in case 2 (276.7 K). Precipitable
water vapor (PWV) in case 1 (2.02 cm) was higher than
in case 2 (0.38 cm). The CO2 bands are sensitive to a
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temperature sounding. The radiances in the CO2 bands
are higher in case 1 than in case 2. The transparency of the
H2O bands and the atmospheric window is sensitive to
the column water amount. Especially, the AERI spectrum at the 18-mm band (538–588 cm21) is sensitive to
emission from the wings of absorption lines in the water
vapor rotational band (Clough et al. 2005). The transparency of the H2O bands and the atmospheric window
bands in case 1 is reduced in comparison to case 2. The
two measured spectra show good agreement with the
observed temperature and PWV. The AERI retrieval
algorithm of temperature and moisture, AERIPROF,
is described in chapter 3.

c. KLAPS analysis data
The KLAPS analysis data were obtained from the
NIMR in the Korea Meteorological Administration.
The KLAPS analysis product describes the atmospheric
state in the region surrounding the Korean Peninsula
with a spatial resolution of 5 km and a temporal resolution of 1 h. Vertical profiles are given at 22 levels (1100–
50 hPa). Ha et al. (2008) and Ha et al. (2011) offer
a detailed description of the KLAPS analysis data. The
closest grid data to the location of the AERI system were
chosen for an initial guess profile of the AERIPROF
algorithm.

d. Satellite-based retrievals (Aqua/AIRS and
MetOp/IASI)
The AIRS is a grating spectrometer on the Aqua
satellite of the Earth Observing System (EOS). The
AIRS covers the infrared bands from 650 to 2700 cm21
(3.7–15.4 mm) with 2378 spectral channels. It scans with
1.18 footprints at nadir and a 649.58 swath every 2 s.
Global coverage is achieved twice per day (Aumann
et al. 2003).
The AIRS level 2 product provides many geophysical
parameters, including temperature and moisture profiles, surface temperatures, and trace gases. The required
retrieval performance is 1 K in 1-km vertical layers for
temperature and 20% in 2-km vertical layers for moisture
below 100 hPa (Aumann et al. 2003). Tobin et al. (2006)
report that AIRS retrievals for the tropical ocean site
satisfy the required accuracy, but those for the midlatitude land site have poor performance, where the RMS
error of temperature ranges from 1 to 2 K and of water
vapor ranges from 25% to 35%. Divakarla et al. (2006)
show that AIRS retrieval accuracies are close to the expected product goal accuracies, and the retrieval accuracy
over land is degraded in comparison to over sea. The
degradation of the accuracy may arise from the daytime
convection, the heterogeneity of the land surface and its
emissivity, and the uncertainty of surface pressure over
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the land (Divakarla et al. 2006). The temperature and
moisture products of AIRS are available from the National Aeronautics and Space Administration (NASA)
website (http://disc.sci.gsfc.nasa.gov/AIRS).
The IASI is a Fourier transform spectrometer on the
MetOp satellite, forming part of the European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) Polar System (EPS) since 2006. The IASI
has 8461 channels in infrared bands from 645 to 2760 cm21
(15.5–3.62 mm) at 0.35–0.5 cm21 spectral resolution. The
field of view (3.38 3 3.38) is composed of 2 3 2 circular
pixels, each corresponding to a 12-km-diameter footprint
on the ground at nadir. The IASI observes the earth twice
a day with an angle of 648.38 (Clerbaux et al. 2009). The
IASI level 2 product provides high-resolution vertical
profiles of temperature and humidity, columnar amounts
of trace gases, surface temperatures and emissivities, and
cloud properties. The required accuracy of temperature
and moisture retrievals is 1 K and 10% in the lower atmosphere in clear-sky conditions (Schl€
ussel et al. 2005).
Pougatchev et al. (2009) assessed the retrieval performance, where the temperature RMS error is ;0.6 K
between 800 and 300 hPa with an increase to ;2 K at
the surface, and the humidity RMS error is ;10% between 800 and 300 hPa. The temperature and moisture
products of the IASI are available from the National
Oceanic and Atmospheric Administration (NOAA)
website (http://www.class.ngdc.noaa.gov/saa/products/
welcome).

3. Optimization of AERI T/q retrievals
a. AERI T/q retrievals before optimization
The method of retrieving temperature and moisture
profiles is the AERIPROF algorithm developed by the
SSEC at the University of Wisconsin–Madison. The
retrieval accuracy for temperature is better than 1 K, and
the water vapor retrieval accuracy is approximately 5%
from the surface to 3 km in the Southern Great Plain
(SGP) in the United States (Feltz et al. 2007). The algorithm uses 249 channels in CO2 bands (612–618, 624–660,
674–713, and 2223–2260 cm21) and 313 channels in H2O
bands (538–588 and 1250–1350 cm21) for retrieving
temperature and moisture, respectively (Smith et al.
1999; Feltz et al. 2003).
The AERIPROF algorithm consists of two steps: 1)
an initial (first) guess profile is obtained by a linear
statistical regression based on local radiosondes and
numerical weather prediction (NWP) and 2) physical
retrieval is achieved by iteration of radiative transfer
calculation to yield a final solution that best fits the
radiance observation. Since the retrieval problem is ill
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posed, it is necessary to have additional information to
constrain the retrievals (Rodgers 2000). Therefore, it is
essential to increase the accuracy of an initial (or first)
guess profile as a proper constraint. To construct a physically reasonable initial guess profile, we used the original
statistical regression (Feltz et al. 2007), the KLAPS
analysis data, and automated weather station (AWS)
data. Before the regression, the original static bias spectrum (Feltz et al. 2007) was subtracted from observed
spectra. Then, original regressions were made with the
regression coefficients (Feltz et al. 2007), and the KLAPS
profiles were blended with the regressions. The ‘‘onion
peeling’’ method (Smith et al. 1999) is used for the
physical retrieval, where the first-guess profile is first
modified at the surface and then changes are made
progressively with height in the atmosphere. These adjustments are made to minimize the differences between
the observed and the calculated spectrum.
Since the regression coefficients and the bias spectrum
are site dependent, we need to modify the original statistical regression and bias spectrum. In this study, we
optimized the AERIPROF algorithm by replacing the
original static bias spectrum of the AERI with the modified one and deriving new regression coefficients from
local radiosonde data for 2 yr and associated spectra.

b. Bias correction
Because of inaccuracies in current knowledge on spectroscopic parameters, instrumentation error, and forward
model error, a simulated spectrum is not the same as its
observed spectrum. Simulated spectra under clear-sky
conditions, however, can be considered as true spectra,
since the physics of radiative transfer under a clear sky
is well known. Therefore, the difference between a measured and calculated spectrum under clear-sky conditions
can be regarded as a bias because of measurement error.
A bias correction is a simple and effective method to
minimize the difference.
Since the original bias spectrum used for AERIPROF
did not work properly at the Anmyeon-do site, a new
bias spectrum was calculated by using the coincident
radiosonde measurements (25 samples) obtained under
clear-sky conditions at Anmyeon-do for the field observation period and the line-by-line radiative transfer
model (LBLRTM; Clough et al. 2005) to compute their
downwelling spectrum. The mean difference between
the observed and simulated spectrum is defined as the
modified bias spectrum (Feltz et al. 2007). This static
bias spectrum is subtracted from the observed spectrum
before regression in AERIPROF. The modified bias
spectrum has a wider range of fluctuation in the strong
water vapor band (1400–1800 cm21) and higher radiance
in CO2 bands than the original bias spectrum (Fig. 3).

FIG. 3. Comparison of the modified (solid red) and the original
(dashed blue) AERI bias spectra. Modified bias spectrum is the
mean spectral difference between observed spectrum from the
AERI and the simulated spectrum calculated from 25 radiosonde
measurements under clear-sky conditions at Anmyeon-do.

c. Modified statistical regression
The AERIPROF algorithm adopts a statistical regression method to construct a first-guess profile because a statistical regression has two key advantages as
an initial guess profile. First, it can reflect local characteristics, since they resemble the statistical structure of
the training dataset. Second, it does not require any
knowledge of the transmittances or the use of the radiative transfer model, which leads to a low computational
cost (Kidder and Vonder Haar 1995).
Given a set of historical radiosondes and their simulated brightness temperatures, the relationship between
thermodynamic structures and associated spectra is
explained by statistical regression coefficients. In hyperspectral brightness temperatures, however, the large
correlation between subsets of channels causes multicollinearity (Huang and Antonelli 2001). If multicollinearities exist, then regression coefficients can lead
to unstable and untolerable retrievals (Jolliffe 1986).
Though one advantage of AERI is high spectral resolution, it suffers from multicollinearity.
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To alleviate this problem, the AERIPROF algorithm
uses principal component regression (PCR). PCR reduces the multicollinearities in hyperspectral channels
(Huang and Antonelli 2001) by projecting high-spectralresolution brightness temperatures on a subset of the
principal components (PCs; eigenvectors), which are
sufficient to explain most of the variance in the spectra.
Because the PCs are linearly uncorrelated, the projected
coefficients are independent of each other (Huang and
Antonelli 2001; Goldberg et al. 2003). The PCs are
generated by decomposing the covariance matrix of the
brightness temperatures. The covariance matrix V of
the spectra are expressed as
V5

1
m

m

1

m

å V(k) 5 m å Dr(k) Dr(k)

k51

T

,

k51

where Dr(k) is the anomalies of brightness temperature
of sample k and m is the total number of the samples.
The matrices of the principal components U are calculated by singular value decomposition as
V 5 UMUT ,
where M is a diagonal matrix of eigenvalues, which are
ordered from the largest amount of the variance to the
lowest. Each eigenvalue represents how much its eigenvector (PC) explains the variance of data. If some
PCs with low variance are truncated, then the dimensionality of the data is effectively reduced (Huang and
Antonelli 2001) and the signal-to-noise ratio increases
by removing uncorrelated random error in measurements (Turner et al. 2006). Reliable regression can be
achieved with the projected coefficients on the remaining PCs (Smith and Woolf 1976; Zhou et al. 2002).
The regression coefficients in AERIPROF do not represent the climatology in our region, since the training
dataset was chosen from the SGP site (Feltz et al. 2007).
Therefore, new regression coefficients were derived
from our local radiosondes. The modified regression
coefficients for temperature (mixing ratio) were made
from the training temperature (mixing ratio) profiles
and their brightness temperatures in CO2 (H2O) bands
with PCR.
Radiosonde training profiles (700 profiles) under clear
sky from 2009 to 2010 were taken from the Osan site
(37.108N, 127.038E), which is the closest radiosonde
station to Anmyeon-do and is located 100 km to the
northeast (Figs. 4a,b). A relative humidity threshold
scheme is applied to find clear-sky conditions. When the
relative humidity was above 80% throughout the entire
profile, the radiosondes were filtered out. For each
profile, a Beer-apodized spectrum was produced and
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converted to a brightness temperature spectrum through
LBLRTM version 12.0, with the spectral resolution of
0.482 147 22 cm21 and a maximum optical path difference of 1.037 03 cm of the AERI (Fig. 4c). The profiles of
O3, CO2, and other gases were adopted from the U.S.
Standard Atmosphere, 1976 for the simulation. In section
3e, the similarity of T/q variance structures between the
AERI site (Anmyeon-do) and the radiosonde station
(Osan) is examined.
A fundamental question in achieving an optimized
regression is to determine the number of appropriate
PCs of the training profiles and their spectrum. If the
number of PCs is large, then the statistical regression
would be affected by measurement noise, whereas if it is
small, then the regression would lose the physical information associated with atmospheric structures. A
sensitivity test was conducted to find out the optimal
numbers of PCs for temperature and moisture retrievals
from the AERI measurements. The modified bias
spectrum was subtracted from the measured AERI
spectrum before each regression. Since retrievals from
AERI are valid from the surface to 3 km, the optimal
number of PCs is defined as the number that minimizes
the averaged RMS error of temperature (or moisture)
between 1000 and 700 hPa by using the coincident radiosondes from the field experiments. For the optimal
temperature (mixing ratio) retrievals, the numbers of
PCs were 12 (22) for the temperature (mixing ratio)
profiles and 10 (4) for the brightness temperature in the
CO2 (H2O) bands. In section 3d, the modified statistical
regressions were compared to the original statistical regression to see the effect of localization on regression.
In our statistical regression process for humidity, there
was a significant change in the original algorithm (Feltz
et al. 2007). Feltz et al. retrieve relative humidity and
then convert it to mixing ratio, whereas we retrieve logarithmic mixing ratio and then recover it to mixing ratio.
When relative humidity is retrieved, it could be higher
than 100% or lower than 0%. In the original AERIPROF
algorithm, the unreasonable values are corrected by setting 0% or 100%. Therefore, the retrieving logarithmic
mixing ratio rather than relative humidity is attractive
to avoid the unphysical situation. In addition, when the
humidity retrievals were compared with radiosondes from
the field observations, the retrieving logarithmic mixing
ratio shows slight improvements over retrieving relative
humidity (Table 1). The RMS errors of the retrieving
logarithmic mixing ratio are smaller than retrieving relative humidity at most levels except 880–860 hPa. The
averaged RMSE (bias) accuracy of the mixing ratio is
reduced from 1.15 (0.36) to 0.92 (0.24) g kg21, in the
lower troposphere (,700 hPa). Significant differences
could be found between the retrieving logarithmic mixing
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FIG. 4. Training (a) temperature and (b) mixing ratio profiles, and (c) brightness temperature
spectra computed from the (a) and (b) profiles. Radiosonde training profiles (700 profiles)
under clear skies from 2009 to 2010 were taken from the Osan site, which is the closest radiosonde station to Anmyeon-do. For each training profile, the brightness temperature spectrum was simulated through LBLRTM version 12.0.

ratio and relative humidity from 1000 to 800 hPa at the
90% confidence level (t test is described in section 4).
Once statistical regression process is completed, regressions are combined with the KLAPS to construct
optimized first guess profiles. Then through the physical
retrieval process, the final AERI retrievals are obtained.
Their performances and the effect of blending with
KLAPS are explained in section 4.

d. Evaluation of the optimized statistical retrievals
Two sets of the original and the optimized statistical
retrievals were compared to assess the accuracies of
temperature and moisture retrievals from the mean biascorrected AERI spectrum. The evaluation was performed

with the radiosonde mesurements (25 samples) on clearsky days during the field experiments at Anmyeon-do.
Figures 5 and 6 show the RMS errors and bias profiles
between the radiosondes and the optimized (solid line)
and the original (dashed line) regressions. The optimized statistical regressions show better performance
than the original statistical regression in the lower troposphere (1000–700 hPa). The averaged RMSE accuracy of the retrieved temperature and mixing ratio has
been reduced from 1.75 to 1.15 K and from 1.52 to
0.92 g kg21, respectively, in the column (1000–700 hPa).
The magnitude of the averaged bias of the retrievals
has decreased from 1.17 to 0.66 K and from 0.90 to
0.24 g kg21, respectively.
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TABLE 1. Retrieving logarithmic mixing ratio was compared to
retrieving relative humidity RH for humidity retrieval. Mean m,
standard deviation s, and t test values were assessed. RMS errors
and bias values were calculated by using the radiosondes during the
field observations.
Mixing ratio (g kg21)
Ln
(MIXR)

RH

Level

m

s

m

1000
980
960
940
920
900
880
860
840
820
800
780
760
740
720
700

7.25
5.59
5.19
4.99
4.81
4.34
4.34
3.73
3.16
2.68
2.25
1.88
1.62
1.35
1.14
0.94

2.70
2.04
1.87
1.84
1.94
2.02
2.30
2.19
2.00
1.82
1.68
1.58
1.48
1.32
1.16
0.97

5.54
5.15
4.71
4.37
4.01
3.32
2.88
2.56
2.24
2.02
1.79
1.66
1.53
1.40
1.28
1.18

Ln(MIXR)
s

RH

t value RMSE Bias RMSE Bias

2.12
7.12
1.95
2.45
1.76
2.64
1.64
2.95
1.53
3.61
1.31
4.74
1.19
5.44
1.11
4.28
1.02
3.46
0.95
2.49
0.87
1.72
0.83
0.84
0.79
0.36
0.74 20.19
0.70 20.68
0.66 21.31

1.64
0.88
0.70
0.70
0.98
1.04
1.53
1.49
0.84
0.88
0.89
1.00
1.01
1.04
0.94
0.91

1.20
0.17
0.02
0.26
0.43
0.52
1.09
1.06
0.48
0.16
0.00
20.15
20.20
20.23
20.23
20.31

0.98
1.30
1.25
1.09
1.13
1.06
0.93
1.07
1.29
1.55
1.43
1.32
1.17
1.13
0.93
0.86

20.50
20.27
20.47
20.36
20.37
20.50
20.37
20.11
20.44
20.50
20.46
20.37
20.29
20.19
20.09
20.06

e. Evaluation of the training dataset
In statistical regression, the training dataset should
represent the local climatology. Even though the radiosonde site (Osan) is 100 km away from the AERI
site, the sites are in the westerlies and the clear-sky
condition may exclude the situation where two sites
would be under different air masses; the result is a climatological correlation between the air masses over the
two sites. Even though the T/q variance structure at
Anmyeon-do is not the same as that at Osan, a resemblance of two variance structures could exist. The similar variance structure can be retrieved well, while other
structures cannot. To demonstrate the similarity of the
temperature and moisture structures between the two
sites, we calculated the RMS difference between them,
and introduced a method based on PC analysis to visualize the analogy of the variance structures.
First, we compared the temperature and moisture
profiles at the radiosonde site and the AERI site under
clear-sky conditions for the period of the field observations at Anmyeon-do during 2010–2011. The radiosonde
measurements at Osan were chosen within 61.5 h from
the radiosondes at Anmyeon-do. The RMS difference for
temperature (moisture) varies from ;1.06 K (0.61 g kg21)
to 2.20 K (1.45 g kg 21 ) between 1000 and 700 hPa
(Table 2). The averaged RMS difference was 1.34 K and
1.05 g kg21, respectively, between 1000 and 700 hPa.

FIG. 5. Comparison of temperature (a) RMSE and (b) bias
profiles for the optimized (solid black line) and the original (dotted
gray line) statistical regressions. Radiosonde measurements (25
samples) on clear-sky days were used for the evaluation during the
field experiments at Anmyeon-do.

Second, we adapted the PC analysis (Biggerstaff and
Seo 2010) to analyze the local climatology at Anmyeondo across to Osan. Though the radiosonde measurements at Anmyeon-do are somewhat limited, we can
examine whether there is similarity between the two
sites, and whether the training dataset represents variance structures of the temperature and moisture profiles
at Anmyeon-do for the period of the field experiments.
To assess the difference between the variance structures at the two sites, the anomalies of the temperature
and moisture profiles at Anmyeon-do and Osan during
the field observation were projected onto the first
and the second PC (eigenvector) of the training dataset.
If the temporally coincident profiles from each site are

FIG. 6. As in Fig. 5, but for the mixing ratio.
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TABLE 2. RMS difference (RMSD) and bias values from 1000 to
700 hPa between the radiosonde measurements at Anmyeon-do
and those at Osan.
Temperature (K)

Mixing ratio (g kg21)

Level

RMSD

Bias

RMSD

Bias

1000
950
900
850
800
750
700
1000–700

2.197
1.290
1.055
1.296
1.437
1.340
1.080
1.390

20.504
20.161
20.480
20.748
20.579
20.584
20.672
20.533

1.164
1.150
1.309
0.975
1.447
0.682
0.608
1.048

20.638
20.425
0.262
0.063
20.192
20.149
20.224
20.186

similar, then the PCs for Anmyeon-do and those for
Osan would be close to each other in the scatterplot.
This means that the two profiles are affected by similar
air masses at a given time. To evaluate the training dataset, the distribution of the projected two PCs for Anmyeondo is compared to that of the two PCs for the training
dataset. By doing so, the variance structures at Anmyeondo can be evaluated within those at the training dataset.
This is an efficient measure of the similarity between
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Anmyeon-do and Osan with respect to the variation in
the temperature and moisture structures.
Figure 7 shows the distribution of the two PCs (gray
dot) of the training dataset in its PC space for temperature (Fig. 7a) and mixing ratio (Fig. 7b). The x axis
corresponds to the first PC, which explains 90% (72%)
of the total variability of the temperature (mixing ratio)
profiles in the training dataset. The y axis corresponds
to the second PC, which explains 3% (8%) of the total
variability of the temperature (mixing ratio) profiles in
the training dataset. Physical meaning of the first PC of
the temperature (mixing ratio) profiles is related to temperature (mixing ratio) near 1000 hPa. The more the
coefficient of the first PC increases, the more the temperature (mixing ratio) near 1000 hPa decreases.
The dark gray circle (star) shows the distribution of
the PC coefficients for Anmyeon-do (Osan). In Fig. 7a,
the PCs at points C and D are almost overlapped, and the
corresponding temperature profiles also illustrate the
analogy between the temperature profiles at the AERI
site and the radiosonde station. As for the points A and
B, the PC coefficients for the AERI site are only slightly
away from those for the radiosonde site, which explains

FIG. 7. (a) Temperature and (b) moisture profiles of temporally coincident radiosondes at Anmyeon-do (thick solid lines) and Osan
(thin solid lines) during the field observation. PC coefficients for Anmyeon-do (dark gray circle), for Osan (dark gray star), and for the
training dataset (gray dot) are displayed in the PC space of the training dataset.
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FIG. 8. (a) RMSE and (b) bias profiles for temperature between
radiosonde measurement and the AERI retrieval (solid black
lines), the KLAPS profile (dotted gray lines), the AIRS retrieval
(dashed gray lines), and the IASI retrieval (solid gray lines). Radiosonde measurements on clear-sky days were obtained from the
field experiments at Anmyeon-do in 2010–2011.

the differences near 1000 hPa in the corresponding
temperature profiles. Likewise, in Fig. 7b, the variance
structures of the moisture profiles at the AERI site are
very similar to those at the radiosonde site. The profiles
corresponding to the points A, B, C, and D clearly demonstrate that the patterns of the trapped water vapor layer
are well depicted at the two sites.
In terms of overlapping manifolds, most of the variance structures for the AERI site during the field observation seem to match those for the training dataset as
well. However, mismatches still exist between the distributions for the AERI site and the training dataset.
These mismatches could significantly affect retrievals.
This is a limitation of the training dataset. To compensate for the restriction, blending with KLAPS is important. We used KLAPS from 850 to 50 hPa, where
the statistical regression begins to increase uncertainties.

4. Retrieval results and validation
The AERI retrievals from the optimized AERIPROF
algorithm described in section 3 have been compared
with radiosondes, retrievals from the AIRS (the IASI),
and the KLAPS model profiles under clear-sky conditions
for the period of the field observations at Anmyeon-do
during 2010–2011. The number of radiosondes collected
throughout the field observations for validation is 25 for
the AERI retrievals and the KLAPS, 10 for the AIRS,
and 13 for the IASI. The criteria for the temporal and
spatial collocation of the data are within 61 h and 628
from radiosonde. Since the AERI retrievals are valid
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FIG. 9. As in Fig. 8, but for the mixing ratio.

from the surface to 3 km, the analysis was performed in
the lower troposphere (1000–700 hPa).
Figures 8 and 9 show a comparison of the RMS errors
and bias profiles of the temperature and the mixing ratio
of the AERI retrievals, the KLAPS, and the retrievals
from the AIRS and IASI. The RMS error of the AERI
retrievals of temperature is less than 1.1 K throughout
the entire column (1000–700 hPa). For the retrieved
mixing ratio from the AERI, the RMS error is less than
1 g kg21 from 1000 to 700 hPa. Compared with the
KLAPS, the improvement in accuracies of the temperature profiles is relatively small, but the accuracies of the
mixing ratio from the AERI retrievals are much improved in the region (950–850 hPa). The AERI accuracies are as low as 0.5 g kg21 near 950 hPa, whereas the
KLAPS accuracies are as high as 1.1 g kg21 in the same
column. Since the KLAPS is blended with the statistical
regressions from 850 to 50 hPa, the improvement mainly
originates from the local radiosonde statistics. This
explains why local radiosonde statistics are needed
for improving retrieval accuracy. The RMSE and
bias profiles of AERI show a similar tendency to
those of KLAPS from 850 to 700 hPa, which shows that
the initial guess profiles are slightly modified though
the physical process. For the retrievals from the IASI, the
RMS error profile of the temperature ranges from ;1
to ;3 K near the surface and that of the mixing ratio is
generally below ;1.0 g kg21, with the exception of the
levels near 850 hPa. The performance of the AIRS retrievals shows similar temperature RMSE accuracies in
the column (1000–700 hPa) ranging from ;2 to ;2.5 K
near the surface, and mixing ratio RMSE accuracies below ;1.0 g kg21 in the entire column. Compared with the
accuracies of the IASI and the AIRS retrievals, the RMS
error of the AERI retrievals is reduced by more than 1 K
for temperature and 0.2 g kg21 for the mixing ratio.
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TABLE 3. Averaged RMSE and bias values from 1000 to 700 hPa
for the AERI, the KLAPS, the AIRS, and the IASI.
Temperature
(K)

TABLE 4. Mean m, standard deviation s, and t test values of
paired the AERI retrievals and the KLAPS (the AIRS, the IASI)
from 1000 to 700 hPa.

Mixing ratio
(g kg21)

Temperature

Data

RMSE

Bias

RMSE

Bias

No. of samples

AERI
KLAPS
AIRS
IASI

0.805
1.042
2.151
2.189

20.345
0.011
21.051
0.272

0.670
0.914
0.953
1.094

0.047
0.146
20.037
20.292

25
25
10
13

The RMSE values have been averaged over the 1000–
700 hPa range to summarize the evaluation of the accuracies of the retrievals from the AERI, IASI, and
AIRS, and KLAPS (Table 3). Compared with the KLAPS,
the AERI retrievals result in a slight accuracy improvement of ;0.2 K for temperature and ;0.2 g kg21 for the
mixing ratio. As for the comparison with the satellitebased retrievals, the AERI retrievals show a significant
improvement of ;1.3 K for temperature and ;0.3 g kg21
for the mixing ratio.
A statistical hypothesis test, the paired t test, was chosen to determine whether there were significant differences between the AERI retrievals with the following:
the KLAPS, the AIRS, and the IASI. The t value is defined as
t5

x
pﬃﬃﬃ ,
s/ n

where x and s are the mean and standard deviation of
the differences, and n is the number of samples. When n
is larger than 30, the t value approaches a normal distribution. The hypothesis of difference between the
KLAPS and the AERI retrievals is rejected if j t j ,
1.711 at the 90% confidence level with 25 samples. The
hypothesis is denied if j t j , 1.833 (1.782) for the AIRS
(the IASI). The t statistics are included in Table 4. The
AERI retrievals were interpolated to the grids for the
KLAPS, the AIRS, and the IASI.
Inspection of t values shows that there were significant
differences between the KLAPS and the AERI retrievals at the 90% level confidence. For temperature
and the mixing ratio, the differences stood out from 1000
to 900 hPa. This is remarkable when we consider that
the AERI statistical retrievals were combined with the
KLAPS from 850 hPa. It seems that local radiosonde
statistics can play a significant role to improve the AERI
retrieval performance. For the satellite retrievals, the
significant differences for temperature were noticeable
near 1000 (986) hPa for the AIRS (the IASI). However,
no significant differences for the mixing ratio could be
found except the AIRS at 886.7 hPa. Maybe it seems
that the number of the samples is not enough to tell the

AERI

Mixing ratio
AERI

KLAPS

Level

m

s

KLAPS
m

s

t value

m

s

m

s

t value

1000
950
900
850
800
750
700

284.6
281.5
277.9
276.6
273.8
271.2
268.7

5.7
6.4
6.8
6.8
7.4
7.5
7.7

285.0
282.3
279.3
276.7
273.9
271.3
268.8

5.4
5.8
6.0
6.5
7.2
7.4
7.5

21.50
24.36
25.64
21.00
21.92
22.18
22.16

6.0
5.1
3.7
2.6
2.1
1.6
1.2

2.3
1.9
1.6
1.4
1.6
1.3
1.1

6.5
5.6
4.2
2.7
2.0
1.6
1.2

1.8
2.0
2.0
1.7
1.6
1.4
1.1

22.51
22.44
22.00
20.43
0.47
1.13
23.38

Temperature
AERI

Mixing ratio

AIRS

AERI

Level m

s

m

s

1000
925
850
700

5.4
6.3
6.6
7.8

282.8
279.0
275.2
268.1

6.5
2.15
6.4
0.87
6.7
1.82
7.4 20.05

284.3
279.5
276.1
268.1

t value m
5.4
3.6
2.1
0.9

s

m

s

t value

2.1
1.7
1.8
0.9

5.2
4.1
1.8
0.8

1.9
1.8
0.8
0.7

0.50
23.11
1.09
0.83

Temperature
AERI
Level m
986
958
931
904
878
852
827
802
777
753
729
706

283.4
281.7
279.8
277.9
277.0
276.2
274.7
273.3
272.2
271.0
269.8
268.7

AIRS

Mixing ratio

IASI

AERI

IASI

s

m

s

t value m

s

m

s

t value

6.5
7.0
7.3
7.5
7.4
7.5
7.8
8.1
8.1
8.1
8.1
8.2

285.1
283.1
281.0
279.2
277.6
276.3
275.1
274.0
272.9
271.8
270.6
269.5

4.4
5.1
5.5
6.0
6.5
6.8
7.1
7.3
7.5
7.6
7.8
7.9

22.08
21.87
21.71
21.96
20.90
20.10
20.57
21.08
21.65
22.05
22.13
21.98

2.1
2.0
2.0
1.8
1.5
1.5
1.4
1.3
1.2
1.1
1.0
1.0

5.0
4.6
4.1
3.6
3.0
2.4
2.0
1.7
1.4
1.2
1.1
0.9

1.9
1.8
1.7
1.5
1.3
1.0
0.8
0.7
0.8
0.9
1.0
1.1

1.65
1.78
1.46
0.97
20.11
0.09
0.55
0.72
0.92
1.11
1.22
1.09

5.3
4.9
4.4
3.8
2.9
2.4
2.1
1.9
1.7
1.5
1.4
1.2

significant differences for the mixing ratio in the IASI.
Nevertheless, it should be noted that there is a substantial
difference in the temporal availability of the AERI and
the IASI.
The radiosonde measurements in Anmyeon-do are
used for the calculation of the bias spectrum and the
validation of the AERI T/q retrievals. Even though the
bias spectrum was calculated from the same radiosonde,
the statistical regression coefficients were independently
derived with the soundings at a nearby weather station.
Furthermore, the AERI T/q retrievals went through a
physical retrieval process. Therefore, in this sense, we
can consider them as almost independent data and the
error statistics are improved.
Samples of the optimized AERI retrievals are compared with the KLAPS and the satellite retrievals on 6
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FIG. 10. Comparison of (a) temperature and (b) mixing ratio
profiles at (left) 0431 and (right) 1244 UTC 6 Oct 2011. Radiosondes (solid gray lines) are compared with the optimized AERI
retrievals (solid black lines), the KLAPS (dashed gray lines), the
AIRS (dotted gray lines), and the IASI (dotted gray lines).

Oct 2011 (Fig. 10). The radiosondes were launched at
0431 (1244) UTC when AIRS (IASI) passed over the
Anmyeon-do site. On 6 October 2011, early-morning
mist patches occurred and gradually dissipated in the
afternoon. The AERI temperature retrievals, in particular, show better performance than the satellite-based
retrievals (Fig. 10a). At 0431 UTC, the water vapor distribution was captured only by the AERI retrieval. The
water vapor layer trapped below 900 hPa at 1244 UTC was
well described in both the AERI retrievals and the
KLAPS (Fig. 10b).

5. Summary and discussion
The AERI system has been operational at Anmyeondo, South Korea, since June 2010. From the measured
downwelling radiances, temperature and moisture profiles can be retrieved with the AERIPROF algorithm.
Since the statistical regression in the algorithm is site
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dependent, the original AERIPROF algorithm has been
modified to optimize the retrievals. First, a new bias
spectrum for the AERI was calculated from the coincident radiosondes and their simulated spectra during
the field observation period at Anmyeon-do. Before regression, the modified bias spectrum was subtracted
from observed radiances. Second, modified regression
coefficients were derived from the local radiosonde
statistics. In statistical regression for humidity, the retrieving logarithmic mixing ratio is more accurate than
retrieving relative humidity by ;0.23 g kg21 on average.
The accuracy of the optimized statistical regressions for
temperature and the mixing ratio has been increased
by ;0.6 K and ;0.6 g kg21, respectively, in the column
(1000–700 hPa). Their mean bias has been reduced
by ;0.51 K and ;0.66 g kg21, respectively, in comparison to the original statistical regressions.
To evaluate the sounding ability of the optimized
AERI retrievals, radiosondes from field experiments were
used for validation under clear-sky days at Anmyeon-do.
The optimized AERI retrievals were compared with radiosondes, the KLAPS, and the retrievals from MetOp/
IASI and Aqua/AIRS in the lower troposphere (1000–
700 hPa). The accuracy of the AERI retrievals shows
improvements over the KLAPS and the satellite-based
retrievals. The AERI retrievals for temperature and
the mixing ratio are more accurate than the KLAPS
by ;0.2 K and ;0.2 g kg21, and the IASI (or the AIRS)
by ;1.3 K and ;0.3 g kg21, respectively, on average.
A series of paired t tests were performed to verify if
there were any significant differences between the AERI
retrievals with the following: the KLAPS, the AIRS, and
the IASI. Significant differences existed between the
AERI retrievals and the KLAPS in temperature from
950 to 900 hPa and the mixing ratio from 1000 to 900 hPa.
Local climatic conditions seem to be an important factor
to bring about this improvement. There were significant
differences between the AERI retrievals and the satellite
retrievals near 1000 hPa for temperature. A significant
difference was found only in the AIRS at 886.7 hPa for
the mixing ratio. These results suggest that AERI brought
new information in the low troposphere. However, the
mixing ratio differences between the AERI retrievals
and the IASI were not statistically significant. Perhaps
this is caused by the limited number of samples.
Considering the distance of about 100 km between
the AERI site and the radiosonde station, these results
are remarkable. This implies that the training dataset
could be made with spatially distant radiosonde measurements as long as it has similar variance structures.
As mentioned in Feltz et al. (2007), to get a good retrieval
from the AERI spectrum, its bias spectrum should be
corrected and regression coefficients be newly derived.
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To calculate the coefficients, a sufficient number of radiosonde measurements are needed to represent regional
climatology. This could limit the installation locations for
AERI. If radiosonde measurements are available, then
AERI can be installed anywhere. Szczodrak et al. (2007)
used model data as initial guess profiles, but they showed
some model data did not catch the thermodynamic
structure in the lower troposphere, since the vertical
resolution of a model is relatively lower than radiosonde
soundings. In this article, we successfully used local radiosonde measurements from an operational weather
station, which is 100 km from the AERI system. This
means that potential candidates for AERI installation
could increase.
To extend the variance structures in the training dataset, we can use data from several nearby weather stations.
Huang and Antonelli (2001) used radiosonde measurements in the midlatitudes to get general regression coefficients. In this sense, the present study is to be regarded
as a starting point for the development of statistical regression for temperature and moisture in South Korea.
The AERI system installed in South Korea can be
used to provide a reliable source of the T/q profile
throughout the lower troposphere in clear-sky conditions. The optimized AERI retrievals may provide
better representation of the atmospheric state of the
lower troposphere than the model and the satellite-based
retrievals. In addition, the high-temporal resolution of
the fully automated AERI system can compensate for the
low-temporal resolution and cumbersome operation of
radiosonde measurements.
In the future, we can use other radiosonde measurements in South Korea to extend the variance structure
of the training dataset and update the regression coefficients. For better representation of the atmospheric
structure, data assimilation of AERI and IASI (or AIRS)
could be included. Also, field experiments will be continued to increase confidence in the accuracies of the
temperature and moisture profiles from the AERI.
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