
4860 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 50, NO. 12, DECEMBER 2012

An Assessment of the FY-3A Microwave
Temperature Sounder Using the NCEP
Numerical Weather Prediction Model
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Abstract—The MicroWave Temperature Sounder (MWTS) on
FY-3A has four channels with designed band central frequen-
cies of 50.3, 53.6, 54.9, and 57.3 GHz, respectively. Lu et al.
found that the central frequency for three upper level sound-
ing channels shifted after the satellite launch into orbit. This
study confirms the findings Lu et al. using a different numer-
ical weather prediction (NWP) model and a different radiative
transfer model. Furthermore, it is shown that the strong tem-
perature dependence of MWTS O − BDF biases found in our
earlier work is mostly induced by these frequency shifts, where
O represents MWTS observations and BDF is model simulations.
The mean difference of brightness temperature simulations with
(BSF) and without (BSF) incorporating the frequency shifts
into the radiative transfer model resembles the O − BSF bi-
ases. For NWP applications of FY-3A MWTS data, it is suffi-
cient to generate new fast radiative transfer model coefficients
that incorporate the new passband parameters, and the result-
ing MWTS O − Bshifted biases become constant as those of
MetOp-A/NOAA-18 AMSU-A data. For climate applications, the
FY-3A MWTS brightness temperatures adjusted by subtract-
ing BSF − BDF match quite well with the MetOp-A/NOAA-18
AMSU-A data at the simultaneous nadir overpass locations in
both the Arctic and Antarctic.

Index Terms—FengYun-3A (FY-3A), frequency shift, Micro-
Wave Temperature Sounder (MWTS).

I. INTRODUCTION

F ENGYUN-THREE (FY-3) is a series of polar orbiting
meteorological satellites operated by China [1]–[3]. It

consists of seven satellites planned to launch once every two
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years. The first two satellites in the series, FY-3A and FY-3B,
are research and experimental satellites that were successfully
launched into orbit on May 27, 2008 and November 5, 2010, re-
spectively. Two satellites cover the mid-morning and afternoon
orbits, respectively. The following 11 instruments are onboard
both FY-3A and FY-3B: 1) Visible and InfRared Radiome-
ter; 2) MEdium ReSolution Imager; 3) InfRared Atmospheric
Sounder; 4) MicroWave Temperature Sounder (MWTS);
5) MicroWave Humidity Sounder (MWHS); 6) MicroWave
Radiation Imager; 7) Solar Backscatter Ultraviolet Sounder;
8) Total Ozone Mapping Unit; 9) Earth Radiation Measurer;
10) Solar Irradiation Monitor; and 11) Space Environment
Monitor. The microwave temperature sounders like MWTS are
of great importance to numerical weather prediction (NWP)
and climate study. This study assesses the quality of brightness
temperature observations from FY-3A MWTS using one year
of data from 2010.

FY-3A MWTS is a four-channel cross-track scanning ra-
diometer that is similar to the microwave sounding unit (MSU)
onboard the early NOAA satellites from Tiros-N and NOAA-
14 from 1979 to 2006. The MWTS four channels’ passbands of
the FY-3A flight model [1] are identical to channels 3, 5, 7, and
9 of the Advanced Microwave Sounding Unit-A (AMSU-A)
onboard NOAA satellites NOAA-15, -16, -17, -18, and -19 and
European Organization for the Exploitation of Meteorological
Satellites’ (EUMETSAT) MetOp-A from 1998 to current. Pre-
liminary assessments of radiance measurements from FY-3A
MWTS instrument through comparisons with equivalent obser-
vations from AMSU-A onboard MetOp-A using the European
Center for Medium-Range Forecast (ECMWF) NWP model
and from AMSU-A onboard NOAA-18 using the National
Center for Environmental Prediction (NCEP) Global Forecast
System (GFS) short range forecasts [4] were recently carried
out. [5], [6] found postlaunch frequency shifts from the de-
signed specification for MWTS channels 2–4; and [4] showed a
scene temperature dependency of MWTS biases. For assimila-
tions of MWTS measurements in NWP models, it is absolutely
essential that the observations minus background differences
(O-B) are unbiased or globally uniform.1 This study carries
out a postlaunch spectral calibration to remove temperature-
dependent biases in the MWTS brightness temperature data
so that 1) FY-3A MWTS measurements can be assimilated
appropriately in NWP data assimilation systems and 2) they

1Constant bias can easily be subtracted.
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can be linked to existing NOAA and EUMETSAT operational
instruments to continue the NOAA satellite observations re-
quired for establishing a longer climate data record (CDR).

Today, the NWP analysis/forecast fields have relatively high
quality, and the atmospheric radiative transfer model is very
accurate for non-surface-sensitive channels such as the MWTS
channels 2–4 measurements except for those at large scan
angles or over high elevations. The simulated satellite sounding
measurements can be used as a “reference state” for charac-
terizing the performance of new instruments during their on-
orbit verification period [7]. The biases between simulated and
observed measurements can be utilized not only for diagnosing
instrument anomalies, but also for assisting in the intercalibra-
tion of satellite observations for climate applications. Currently,
there are more than 30 years of MSU global satellite data that
have been widely used by the community for climate studies
[8]–[14]. With MWTS onboard all seven satellites of the FY-3
series, the MSU satellite CDRs can be extended well beyond
2020, if the on-orbit performance of these instruments is well
characterized and any instrument anomaly is corrected.

This paper is organized as follows: Section II will present
the major instrument characteristics of NOAA-18 AMSU-A
and FY-3A MWTS. Model simulations of global brightness
temperatures are described in Section III. Numerical results on
the evaluation of FY-3A MWTS against NOAA-18 AMSU-
A are provided in Section IV, which consists of four subsec-
tions on bias pattern associated with frequency shift, MWTS
measurements for NWP applications, MWTS measurements
for climate applications and impacts of nonlinearity on biases,
respectively. The paper concludes in Section V.

II. AMSU-A AND MTWS INSTRUMENT

CHARACTERISTICS

On 20 May 2005, the NOAA-18 satellite was success-
fully launched into a circular, near-polar, afternoon-configured
(2:00 P.M., mean equator crossing local solar time of the
ascending node) sun-synchronous orbit with an altitude of
854 km above the Earth and an inclination angle of 98.74◦ to the
equator. It carries onboard the AMSU-A, MWHS, the advanced
very high resolution radiometer, the high resolution infrared
radiation sounder instruments, and the solar backscatter ul-
traviolet instrument with two modules for ozone-monitoring.
In the following year on 19 October 2006, MetOp-A satellite
was successfully launched into a circular, near-polar, morning-
configured (9:30 A.M., mean equator crossing local solar time
of the descending node) sun-synchronous orbit with an altitude
of 817 km above the Earth and an inclination angle of 98.7◦ to
the Equator. MetOp-A is the first of the MetOp series of three
satellites to be launched sequentially over 14 years, forming
the space segment of EUMETSAT’s Polar System. MetOp-A
carries the “heritage” AMSU-A instrument provided by the
U.S., along with many other instruments, providing data for
both operational meteorology and climate studies.

FY-3A satellite was successfully launched into a circular,
near-polar, morning-configured (10:00 A.M., mean equator
crossing local solar time of the descending node) sun-
synchronous orbit on 27 May 2008, with an altitude of 836 km

TABLE I
DESIGNED AND POSTLAUNCH FY-3A MWTS, AND EQUIVALENT

AMSU-A, CHANNEL CHARACTERISTICS

above the Earth and an inclination angle of 98.75◦ to the
Equator. Like AMSU-A, MWTS is also a cross-track scanning
radiometer but only has a subset of four channels from the
AMSU-A set which are similar to MSU on the early NOAA
satellites. FY-3A MWTS data are calibrated using the same
technique used for AMSU-A [15].

The four channels on FY-3A MWTS correspond to four of
the 15 AMSU-A channels on NOAA-18 and MetOp-A and
have the same designed frequencies as AMSU-A. The extreme
scan position of the Earth view to the beam center (48.3◦) of
MWTS is the same as AMSU-A instruments. The MWTS field
of view (FOV) size is 62 km at nadir and is coarser than that of
AMSU-A (48 km). The FY-3A MWTS swath width (2250 km)
is slightly smaller than that of AMSU-A (2300 km). The total
FOVs on a single MWTS scan line are 15, which is half of
the total FOVs from AMSU-A. The time it takes for FY-3A
MWTS to complete one scan line (16 s) is twice as long as
AMSU-A. The radiometric temperature sensitivity (NEΔT) for
measurements from MWTS is higher than AMSU-A (Table I).
More details about channel characteristics of AMSU-A and
MWTS can be found in [1], [2], [15]–[17].

Reference [5] found that the MWTS instrument is affected
by a shift in the central frequency of the channel passbands and
radiometer nonlinearities. Using a line-by-line radiative transfer
model with varying frequency shifts and input from ECMWF
NWP model, the passband shifts were estimated using a least-
square fit between MWTS observations and model simulations.
The results indicated 60 MHz, 80 MHz, and 83 MHz shifts
relative to the designed specification for channels 2, 3, and 4,
respectively (Table I). This study investigates the impacts of
these frequency shifts on MWTS bias characteristics for all
MWTS data in 2010 and suggests the follow-up solutions for
applications of FY-3A MWTS to NWP and climate study.

The three MWTS channels experiencing frequency shifts
after launch are in the oxygen band for atmospheric temperature
profiling in the upper troposphere and lower stratosphere. Since
both MetOp-A and FY-3A have morning-configured orbits
with only half-hour equator crossing time difference, it would
be ideal to examine FY-3A MWTS instrument performance
using MetOp-A AMSU-A data. However, MetOp-A AMSU-A1
channel 7 began exhibiting unexplained drifts in 2008,2

2http://www.oso.noaa.gov/poesstatus/componentStatusSummary.asp?
spacecraft=2&amp;subsystem=1
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and became no longer sensitive to the incoming radiance in
August 2010. Therefore, in this study, FY-3A MWTS channel 3
is compared with NOAA-18 AMSU-A channel 7; and FY-3A
MWTS channel 4 is compared with MetOp-A AMSU-A
channel 9.

III. GLOBAL SIMULATIONS OF BRIGHTNESS

TEMPERATURES

A. CRTM

The Community Radiative Transfer Model (CRTM) was de-
veloped by the U.S. Joint Center for Satellite Data Assimilation
for rapid calculations of microwave and infrared radiances
observed by various instruments (e.g., AMSU-A, MWTS, etc.)
onboard spacecraft for a given state of the atmosphere and
the Earth’s surface. It includes components that compute the
gaseous absorption of radiation, absorption and scattering of
radiation by hydrometeors and aerosols, and emission and re-
flection of radiation by ocean, land, snow, and ice surfaces. All
of these component results are then used to perform accurate
radiative transfer to yield simulated satellite sensor radiances.
CRTM supports a large number of sensors, including the his-
torical, current, and near future sensors from and the Joint
Polar Satellite System and the Geostationary Operational Envi-
ronmental Satellite-R Series, covering the microwave, infrared
and visible wavelength regions. The CRTM version-1 was
first released to the public in 2004 and has been substantially
improved and expanded since then. The CRTM version-2 was
released in 2010 and is used in this study.

The CRTM version-2 comprises four major modules for
calculations of 1) the atmospheric transmittance, 2) surface
emissivity/reflectivity, 3) cloud/aerosol optical property, and
4) radiative transfer solution. In the atmospheric transmittance
module, there is a multiple transmittance algorithm framework
that allows different transmittance algorithms to coexist. A
new transmittance algorithm has recently been implemented
which combines the strengths of the optical path transmittance
algorithm and the optical depth in pressure space algorithm
that are currently used in the fast radiative transfer for the
advanced TIROS operational vertical sounder model. The sur-
face emissivity/reflectivity module consists of four submodules
corresponding to ocean, land, snow, and sea ice surfaces, re-
spectively. Each of the four submodules consists of smaller
modules with their own frequency regions and surface subtypes.
An array of physical and empirical surface emissivity and
reflectivity models has been implemented into CRTM. For
calculations of cloud and aerosol absorption and scattering,
lookup tables of the optical properties of six cloud and eight
aerosol types are included in the cloud/aerosol optical property
module. Finally, the fast doubling-adding method, implemented
in the radiative transfer solution module, solves the multi-
stream radiative transfer equation. More details can be found
in [18], [19].

B. Using NWP Models to Conduct Comparison

The radiometers AMSU-A and MWTS onboard satellites
NOAA-18, MetOp-A, and FY-3A measure microwave radiation

TABLE II
NWP INPUT ARRAYS FOR CRTM VERSION-2

at the top of the atmosphere at specified frequencies. The
amount of absorption and emission of radiation at microwave
frequencies of MWTS channels 3–4 by the atmospheric con-
stituent oxygen is mainly a function of atmospheric temperature
in the upper troposphere and lower stratosphere. Different
temperature profiles will result in different brightness tempera-
tures or radiances. However, a direct pixel-by-pixel comparison
between FY-3A MWTS and NOAA-18/MetOp-A AMSU-A is
not possible over a global scale since brightness temperature
measurements from different satellites often do not overlap
except for a narrow region in the Arctic and Antarctic where
simultaneous nadir overpasses (SNO) occur (i.e., the two satel-
lite orbits nearly cross). For example, only a few hundred and a
few thousand SNOs are found between FY-3A and NOAA-18
for MWTS channel 3 and AMSU-A channel 7 and between
FY-3A and MetOp-A for MWTS channel 4 and AMSU-A
channel 9, respectively, during the entire year 2010 (see
Tables IV and V).

In this paper, global simulations of brightness temperature
based on NCEP GFS 6-h forecasts are used as a “reference”
or “truth” for comparing the performance of the relevant two
instruments. The input NWP fields and surface parameters
required by CRTM are listed in Tables II and III, respectively.
The NCEP GFS 6-h forecast fields have a horizontal resolu-
tion 1◦ × 1◦ and 26 vertical levels. The highest vertical level
is around 10 hPa. Biases between satellite-observed (O) and
CRTM-simulated (B) brightness temperatures are examined
and compared among different instruments.

IV. NUMERICAL RESULTS

A. Bias Pattern Associated With Frequency Shift

A preliminary assessment of the quality of the brightness
temperature measurements from FY-3A MWTS was carried out
through a comparison with the AMSU-A brightness temper-
ature observations from NOAA-18 satellite using one-month
data in January 2010. Different from AMSU-A, the FY-3A
MWTS brightness temperatures showed a latitudinal and tem-
perature dependence (e.g., weather dependence) of biases. The
presence of such a weather-dependent bias will prohibit FY-3A
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TABLE III
OTHER INPUT PARAMETERS FOR CRTM VERSION-2 NOT INCLUDED IN TABLE II

MWTS from NWP applications. This study extends the data
period from one month to one year in order to find out the main
causes of the FY-3A MWTS biases and the ways to remove
these biases.

As pointed out in [4], such bias characteristics could come
from several sources such as 1) the nonlinearity term may not
be well characterized in the calibration algorithm, 2) the solar
contamination on MWTS onboard calibration target, and 3) the
frequency drift in the MTWS receiver center frequencies. It is
confirmed in [5] that passband shift is the most significant of the
causes of the bias, and a detailed analysis of the passband shift
for MWTS-2, -3, and -4 is carried out in [5]. The findings in
[5] are assessed in the following through a careful independent
assessment using NCEP NWP fields.

Brightness temperatures for MWTS are first simulated us-
ing CRTM with both the designed (BDF ≡ TCRTMDF

b ) and
shifted (BSF ≡ TCRTMSF

b ) frequencies, which are provided
in Table I. The same NCEP GFS 6-h forecasts during 2010
are used for both BSF and BDF simulations. Bias patterns
of the differences between shifted and un-shifted frequencies,
BSF −BDF , vary throughout the year. Fig. 1 shows the scatter
plots of BSF −BDF for MWTS channel 4 using data in the
first five days of each month in 2010. A strong temperature
and latitudinal dependency of biases is seen throughout the

year. Biases can vary for more than a few degrees due to
frequency shifts within the simulated brightness temperature
ranges. Biases are different for the same temperature range but
different latitudes. Biases in Northern Hemisphere (NH) seem
to be more sensitive to the frequency shift present in MWTS
channel 4 than Southern Hemisphere (SH). Biases in the middle
and high latitudes in SH are less dependent on temperature
except in March, October, November, and December. The
frequency shift also causes a large variability of the simulated
brightness temperatures in winter months in both hemispheres
and in August in SH.

Similar to MWTS channel 4, frequency shifts in MWTS
channel 3 (Fig. 2) also cause significant biases that vary with
temperature, and a large variability in the brightness temper-
ature simulation. The frequency-shift induced biases in SH
increases with temperature from January to March, decreases
with temperature in November and December, and does not
vary much from April to September. The BSF −BDF biases
in NH mostly increase with brightness temperature.

B. MWTS Measurements for NWP Applications

Monthly variations of global biases of the brightness temper-
atures between satellite observations and model simulations in
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Fig. 1. Scatter plots of BSF −BDF for MWTS channel 4 using data in the first five days of each month in 2010.

Fig. 2. Same as Fig. 1 except for MWTS channel 3.

each month in 2010 are provided in Figs. 3 and 4 for FY-3A
MWTS channels 4 and 3, respectively. For brevity, the bright-
ness temperature differences between MWTS observations
and global CRTM simulations with the designed frequency
will be denoted OMWTS −BDF ≡ TMWTS

b − TCRTMDF

b

(Figs. 3 and 4, left panels), the brightness temperature dif-
ferences between MWTS observations and global CRTM

simulations with the shifted frequency will be denoted
OMWTS −BSF ≡ TMWTS

b − TCRTMSF

b (Figs. 3 and 4,
middle panels), and the brightness temperature differences
between AMSU-A observations and global simulations as
OAMSU−A −BDF ≡ TAMSU−A

b − TCRTMDF

b (Figs. 3 and
4, right panels). A strong temperature and latitudinal depen-
dency of biases is seen in the OMWTS −BDF biases. By
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Fig. 3. Scatter plots of O-B brightness temperature biases for FY-3A MWTS channel 4 with designed (left panels) and shifted (middle panels) frequency, as well
as MetOp-A AMSU-A channel 9 (right panels) using data in the first five days of each month in 2010.
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Fig. 4. Same as Fig. 3 except for FY-3A MWTS channel 3 and NOAA-18 AMSU-A channel 7.
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Fig. 5. (a) Weighting functions of FY-3A MWTS channels 3 and 4 with designed and shifted frequencies using US standard atmosphere profiles. (b)–(c) Monthly
mean biases of TBSF − TBDF within each of 1◦ latitudinal bands for FY-3A MWTS (b) channel 4 and (c) channel 3.

comparing the results of OMWTS −BDF (left column in
Fig. 3) with those of BSF −BDF (Figs. 1 and 2), it is seen that
the month-to-month variations of O-B bias patterns and mag-
nitudes are nearly the same as the BSF −BDF distributions,
except for a much larger variability in O-B distributions (e.g.,
larger standard deviations). It is thus concluded that frequency
shift is the main factor causing the temperature dependency of
FY-3A MWTS biases in agreement with the findings of [5].

If the known frequency shifts of FY-3A MWTS measure-
ments (Table I) are incorporated into the CRTM forward sim-
ulations, then the FY-3A MWTS biases (OMWTS −BSF ),
shown in Figs. 3 and 4 (middle panels), are independent of tem-
perature and latitude, and are quite similar to those of MetOp-
A AMSU-A measurements (OAMSU−A −BDF ), shown in
Figs. 3 and 4 (right panels).

In order to explain why the bias varies with latitude and
temperature, we show in Fig. 5 the weighting functions of
FY-3A MWTS channels 3 and 4 with designed and shifted
frequencies using US standard atmosphere profiles, as well
as variations of monthly mean biases of TBSF − TBDF with
respect to latitude for FY-3A MWTS channel 4. The weighting
function at the shifted frequency for MWTS channel 4 is shifted
upward, resulting in a positive temperature difference (e.g.,
TBSF − TBDF is equal to 0.31 K). The weighting function at
the shifted frequency for MWTS channel 3 indicates a smaller
contribution from the troposphere than that of the designed
frequency, which gives a negative temperature difference of

0.2 K. The latitudinal dependence induced by frequency shift
[Fig. 5(b) and (c)] is thus mainly due to the fact that the MWTS
designed and shifted frequencies are sensitive to different atmo-
spheric layers.

Fig. 6 provides the monthly mean biases and standard devi-
ations of OMWTS −BDF, BSF −BDF, OMWTS −BSF, and
OAMSU−A −B for FY-3A MWTS channels 3 and 4, as well
as NOAA-18 AMSU-A channel 7 and MetOp-A AMSU-A
channel 9 in 2010. For FY-3A MWTS channel 4, the fre-
quency shift induced bias (BSF −BDF) is positive, which is
of opposite sign to the bias of OMWTS −BSF. For FY-3A
MWTS channel 3, the frequency shift induced bias is negative,
which is of same sign as the bias of OMWTS −BSF. The
biases and standard deviations of MWTS measurements with
the frequency shift incorporated into CRTM are comparable
in magnitude with those of AMSU-A. The monthly variations
of biases and standard deviations are rather small for both in-
struments. We conclude that the FY-3A MWTS measurements
can be successfully assimilated into NWP systems once the
frequency shift is taken care of through the forward radiative
transfer model.

The frequency shift is smallest for MWTS channel 2. Fig. 7
provides scatter plots for O −BDF and O −BSF for MWTS
channel 2 during 1–5 January 2010. To avoid uncertainty of
surface emissivity over land, only observations over ocean are
employed in Fig. 7. It is seen that impacts of frequency shift on
MWTS channel 2 biases are small, but not negligible.



4868 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 50, NO. 12, DECEMBER 2012

Fig. 6. Monthly mean biases (left panels) and standard deviations (right panels) in 2010 of OMWTS −BDF (red), BSF −BDF (green), OMWTS −BSF

(blue), and OAMSU−A −B (pink) for (a)–(b) FY-3A MWTS channel 4 and MetOp-A AMSU-A channel 9, and (c)–(d) FY-3A MWTS channel 3 and NOAA-18
AMSU-A channel 7.

Fig. 7. Scatter plots of O −BDF (black) O −BSF (color) in (a) Southern
and (b) Northern Hemispheres for MWTS channel 2 using data over ocean
during 1–5 January 2010.

C. MWTS Measurements for Climate Applications

Satellite instrument calibration for monitoring climate
change and reanalysis data assimilation is probably more im-

portant and challenging than for NWP. Satellite calibration
can be divided into three stages: prelaunch calibration, in-
orbit calibration, and postlaunch calibration. Once a satellite
is in its orbit, pre-launch determined calibration parameters
may change, and new calibration issues arise. The requirements
on satellite calibration for detecting global climate change are
much higher than for capturing day-to-day weather fluctuations
[20]. An intersatellite calibration is a necessity for climate ap-
plication of satellite observations, but is not required for NWP.
For FY-3A, one of the postlaunch calibration issues is related to
the frequency change for the MWTS instrument. Although the
FY-3A MWTS measurements can be successfully assimilated
into NWP systems once the frequency shift is incorporated into
the CRTM, some bias correction must be made to the observed
brightness temperatures for climate application.

Although a single satellite has a limited 5–10 year life span,
long-term climate MSU CDRs since 1978 have been obtained
by stitching together measurements from overlapping satellite
observations after intersatellite calibration. Three different
versions of the MSU/AMSU upper air temperature CDRs have
been generated by three different research groups, including
the University of Alabama at Huntsville group [10], [21], the
remote sensing systems group [11], [12], and the NOAA/Center
for Satellite Applications and Research group [14], [22]–[24].
The MSU/AMSU CDRs have been used for determining global
atmospheric temperature trends and variability [8]–[14] as well
as for input to climate modeling reanalysis developments [25].
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Fig. 8. Differences of brightness temperatures between AMSU-A channel 9 and MWTS channel 4, OAMSU−A −OMWTS, averaged over 1◦ latitudinal bands
for FY-3A MWTS Channel 4 without (OAMSU−A −OMWTS, left panels) and with (OAMSU−A −OMWTS−shifted, OMWTS-shifted = O − (BSF −
BDF ), right panels) frequency shift corrections in each month in 2010.

FY-3A MWTS channels 1–4 were designed to have the
exactly same designed specification as AMSU-A channels 3, 5,
7, 9 onboard NOAA-15 to 19 and MetOp-A since 1998. Since
both MetOp-A and FY-3A are morning-orbit satellites with
only half-hour ECT difference, measurements from MWTS on
FY-3A, if properly calibrated, are valuable to the establishment
of MSU CDRs, particularly if an instrument anomaly occurs
on MetOp-A. This is in fact the case for MetOp-A channel 7,
which became unavailable in August 2010. MWTS frequency
shifts must be overcome to consider the observations for inclu-
sion into CDRs. We propose to use NWP models to carry out
spectrum calibration for FY-3A MWTS. Since AMSU-A mea-
surements (OAMSU−A) and MWTS measurements (OMWTS)
are different in frequency, MWTS measurements cannot simply
be linked to AMSU-A onboard other satellites. Instead, the
raw measurements from MWTS are subtracted by (BSF −
BDF ) to obtain spectrally calibrated MWTS measurements
OMWTS−shifted = OMWTS − (BSF −BDF ). In order to ex-
amine the effectiveness of such a calibration, we first com-
pare the zonal mean differences of OAMSU−A −OMWTS with
those of OAMSU−A −OMWTS−shifted (Figs. 8 and 9) because
a direct pixel-by-pixel comparison between FY-3A MWTS and
NOAA-18 AMSU-A is not possible over a global scale since
brightness temperature measurements from these two satellites
do not overlap except for the region over the high latitude where

the two satellite orbits pass over (to be discussed later). It is
pointed out that the zonal mean differences of OAMSU−A −
OMWTS (left panels in Figs. 8 and 9) vary with temperature and
latitude in a way very similar to the scatter plots of (OMWTS −
BDF) (left panels in Figs. 3 and 4), except for a sign difference.
After the spectrum calibration, the temperature and latitudinal
dependence of the mean differences between the two instru-
ments, OAMSU−A −OMWTS−shifted, are significantly reduced.

A more rigorous check of the effectiveness of the NWP spec-
trum calibration for MWTS is to use only the SNO matchup
data. There are a total of 1930 SNO matchups in the Arctic and
1777 SNO matchups in the Antarctic during 2010. The occur-
rences of these SNOs are listed in Tables IV and V. Figs. 10
and 11 present differences of satellite observed brightness tem-
peratures between MetOp-A AMSU-A channel 9 and FY-3A
MWTS channel 4 (Fig. 10), and between NOAA-18 AMSU-A
channel 7 and FY-3A MWTS channel 3 (Fig. 11) without and
with spectrum calibration. For the unadjusted SNO data, the
differences between AMSU-A channel 9 and MWTS channel
4 are quite large, with an obvious scene temperature and
hemispheric (Arctic or Antarctic) dependency. Compared to the
unadjusted SNO plots [Fig. 10(a)], the temperature-dependent
biases between AMSU-A channel 9 and MWTS channel 4
are mostly removed after spectral calibration [Fig. 10(b)].
Similar results are obtained for AMSU-A channel 7 and
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Fig. 9. Same as Fig. 8 except for FY-3A MWTS channel 3 and NOAA-18 AMSU-A channel 7.

TABLE IV
TOTAL NUMBERS OF SNOS FOR SATELLITE PAIRS NOAA-18 AND

FY-3A. THE TIME DIFFERENCE IS LESS THAN 60 s, AND SPATIAL

DISTANCE IS LESS THAN 60 km FOR THE OVERLAPPING CRITERIA

MWTS channel 3. A small increase of the differences between
AMSU-A and MWTS with the Earth scene temperatures is
noticed in Figs. 10(b) and 11(b). This may be caused by residual

TABLE V
TOTAL NUMBERS OF SNOS FOR SATELLITE PAIRS METOP-A AND

FY-3A. THE TIME DIFFERENCE IS LESS THAN 60 s, AND SPATIAL

DISTANCE IS LESS THAN 60 km FOR THE OVERLAPPING CRITERIA

nonlinearity effect in MWTS measurements. Further study is
needed to solve this problem before FY-3A MWTS can be
linked to MSU CDRs for studying climate change.
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Fig. 10. Differences of satellite observed brightness temperatures between
MetOp-A AMUS-A channel 9 and FY-3A MWTS channel 4 (AMSU-A minus
MWTS) (a) without and (b) with spectrum calibration for a total of 1930 SNO
matchups in the Arctic (black) and 1777 SNO matchups in the Antarctic (gray)
during 2010.

Fig. 11. (a)–(b) Same as Fig. 10 except for FY-3A MWTS channel 3 and
NOAA-18 AMSU-A channel 7. (c) Same as (b) except that the SNO collocation
criterion is changed to 120 s instead of 60 s used in (b).

The biases and standard deviations of the brightness tem-
perature differences between NOAA-18 AMSU-A channel 7
and FY-3A MWTS channel 3 and those between MetOp-A

Fig. 12. (a) Biases and (b) standard deviations of the brightness temperature
differences between NOAA-18 AMSU-A channel 7 and MWTS channel 3 and
between MetOp-A AMSU-A channel 9 and FY-3A MWTS channel 4 averaged
over all SNO matchups during 2010 in the Arctic (black solid and dashed) and
Antarctic (gray solid and dashed) with (black and gray dashed) and without
(black and gray solid) spectrum calibration.

AMSU-A channel 9 and FY-3A MWTS channel 4 averaged
over all SNO matchups during 2010 in the Arctic and Antarctic
with and without spectrum calibration are provided in Fig. 12.
It is seen that the biases for channels 3 and 4 are about
0.4 K and −0.2 K after spectrum calibration in both Arctic and
Antarctic. The standard deviations of the brightness tempera-
ture measurements between the two instruments are less than
0.5 K for both MWTS channels 3 and 4, a quite remarkable
consistency.

It is reminded that one year of SNO data may not be sufficient
to fully characterize biases between MWTS and AMSU-A that
have complex state dependencies. Further examinations are
needed when a much longer period of FY-3A MWTS data
become available. Another alternative for using FY-3A MWTS
in climate study is to carry out data assimilation in which the
updated radiative transfer coefficients can deal with the effect of
passband shifts more easily and the temperature retrievals from
MWTS will not suffer from biases associated with frequency
shifts.

D. Impacts of Nonlinearity on Biases

Radiances measured by satellite radiometry MWTS at the
microwave frequencies of channels 3 and 4 are recorded by
counts, which reflect the amounts of absorption and emission
of radiation by the atmospheric oxygen. The actual radiance
value of an Earth scene (e.g., FOV) is related to the measured
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Fig. 13. Nonlinear calibration terms averaged in two degrees latitudinal bands
as a function of modeled brightness temperatures for (a) MWTS channel 4 and
(b) AMSU-A channel 9.

count through a quadratic function, and is derived by a two-
point calibration algorithm as follows [15]:

Re = Rw + (Rw −Rc)

(
Ce − Cw

Cw − Cc

)

+μ(Rw −Rc)
2 (Ce − Cw)(Ce − Cc)

(Cw − Cc)2
(1)

where Ce, Cc, and Cw are the radiometric counts from the Earth
scene target, cold space, and blackbody, respectively; Cc and
Cw are the same as Cc and Cw except for an average over
five neighboring scan lines to remove spikes from random noise
in the raw counts; and Re, Rc, and Rw are the corresponding
radiances of Earth scene, cold space, and calibration target, re-
spectively. The first two terms in the above calibration equation
consist of linear calibration (L), and the third term is called a
nonlinear correction term and will be denoted Q.

Contributions of the nonlinear calibration term (Q) for
AMSU-A channel 9 and MWTS channel 4 are shown in
Fig. 13. The Q values are averaged in 2◦ latitudinal bands as
a function of the observed brightness temperatures. It is seen
that the magnitude of nonlinear calibration term increases with
decreasing scene temperature for both AMSU-A and MWTS.
However, the magnitude of Q for MWTS channel 4 (about
−2.2 K) is twice as large as that for AMSU-A channel 9
(−0.9 K). The temperature dependence of nonlinearity term,
which is estimated by Q = Re − L, for both instruments can
also be seen in the scatter plots shown in Fig. 14. The nonlinear
calibration terms for both MWTS and AMSU-A brightness
temperature measurements increase with the Earth scene tem-

Fig. 14. Scatter plots of the nonlinear calibration term as a function of
temperature for (a) FY-3A MWTS channel 4 (gray) and MetOp-A AMSU-A
channel 9 (black) and (b) FY-3A MWTS channel 3 (gray) and NOAA-18
AMSU-A channel 7 (black).

Fig. 15. Scatter plots of (a) OMWTS −BDF channel 4 and (b) OMWTS −
BSF channel 9 with linear (gray) and nonlinear (black) calibrations. Data
during 1–5 January 2010 are used.

perature. However, the slopes for MWTS channels 4 and 3 are
0.016 and 0.019, respectively, which are greater than those of
AMSU-A (0.010 and 0.012 for channels 9 and 7, respectively).
The magnitudes of the nonlinear calibration term for MWTS
are nearly twice as large as for AMSU-A channels.

Fig. 15 shows scatter plots of O −BDF and O −BSF with
linear and nonlinear calibrations using data during 1–5 January
2010. It is seen that impacts of nonlinear calibration on global
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biases are different from frequency shift. The nonlinear calibra-
tion term alone does not alter the global bias pattern, but shifts
the entire bias pattern downward toward a lower brightness
temperature.

V. SUMMARY AND CONCLUSION

This study, in common with the previous study [5], confirms
that the on-orbit passband center frequencies for MWTS chan-
nels 2–4 were different from both design specified and pre-
launch laboratory measured values. The occurrences of satellite
instrument anomalies are not rare. The key is to understand
the anomaly, find the root causes of anomaly, and then to
develop a method to correct or mitigate the anomaly so that the
data can still be useful. For examples, an instrument anomaly
also occurred to NOAA-15 channel 6, which suffered a slow
deterioration in its measurement accuracy since early 2004. A
noticeable frequency shift from its pre-launch measurements
for NOAA-15 channel 6 was found in [26] through an inter-
satellite calibration between NOAA-15 and NOAA-18 using
SNO matchup data [26].

This study illustrates how the spectrum anomaly can be
removed by using NWP model fields as input to an accurate
radiative transfer model such as CRTM. First, we show that the
frequency shifts that occurred to FY-3B MWTS observations
cause a strong temperature dependence of MWTS biases. The
simulations are derived using NCEP global data assimilation
system outputs as inputs to CRTM. The O-B scatter plots for
the MWTS channels 3 and 4 show a strong temperature and
latitudinal-dependent biases, while those from the correspond-
ing AMSU-A channels onboard NOAA-18 and MetOp-A do
not. Such a bias characteristic exists throughout the year of
2010 and thus eliminating the possibility of the contamination
of its calibration target by stray lights. Second, we show that the
scene-temperature dependency of the global biases is mostly
caused by frequency shifts and can be adequately removed by
incorporating the known MWTS frequency shifts. This ensures
the applicability of FY-3A MWTS measurements to NWP data
assimilation. Third, we show that FY-3A MWTS brightness
temperature measurements can be adjusted based on the differ-
ences of brightness temperatures simulated by CRTM with de-
signed and shifted frequencies with the same input NCEP GFS
6-hour forecast fields. The adjusted FY-3A MWTS brightness
temperatures match those data from the corresponding channels
of MetOp-A and NOAA-18 AMSU-A, which are confirmed by
a zero mean difference of SNO observations between MWTS
and AMSU-A. Further study is planned to carefully validating
the adequacy of such an adjustment when more FY-3A data
become available.

Characterization of MWTS bias is a critical step for NWP
applications and for climate study if the FY-3 data is to be
linked to NOAA MSU/AMSU time series, i.e., a long-term
fundamental CDR for climate monitoring. This study further
demonstrates the usefulness of the NWP background fields
(e.g., 6-h forecasts) for characterizing the postlaunch perfor-
mance of new instruments. We plan to extend this work to the
postlaunch calibration of FY-3B MWTS measurements. FY-3B

was launched on November 5, 2010, and its in-orbit calibration
was completed in March 2011.
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