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Calibration Analyses for Sounding Channels
of MWHS Onboard FY-3A
Songyan Gu, Yang Guo, Zhenzhan Wang, and Naimeng Lu

Abstract—The Microwave Humidity Sounder (MWHS) is a
five-channel microwave radiometer in the range of 150–191 GHz
onboard FengYun 3 (FY-3). Before the launch of FY-3A, the inten-
sive thermal vacuum (TVAC) tests for MWHS had been carried
out in a 2-m TVAC chamber, and the basic parameters such as re-
ceiver nonlinearity were obtained. Four-year operation shows that
the performance of FY-3A MWHS remains stabile. The variations
among space views and warm target views in the interval of scan
lines were generally within 20 counts. In addition, the temperature
fluctuation of the warm target in a single pass is within 0.5 K. Pri-
marily, due to the nonlinearity correction obtained from the TVAC
test, radiance measurements of MWHS agree well with NOAA-17
AMSU-B and NOAA-18 Microwave Humidity Sounder (MHS)
data. Averaged brightness temperature differences between FY-3
MWHS and NOAA-17 AMSU-B, at simultaneous cross-overpass
points, are less than 1.08 K for the channels at 183 ± 1 GHz.
In the observation-minus-background comparison, the observed
and simulated brightness temperature biases of FY-3 MWHS
and NOAA-18 MHS exhibit similar performance in the 183.31 ±
1 GHz channel; but in the 183.31 ± 7 GHz channel, MWHS agrees
better with background. It is anticipated that FY-3 MWHS data
will contribute to numerical weather prediction.

Index Terms—Calibration, cross comparison, FY-3A MWHS.

I. INTRODUCTION

F ENGYUN 3 (FY-3) is the second generation of sun-
synchronous satellites in China. The first two satellites,

i.e., FY-3A and FY-3B, in its series were successfully launched
on May 27, 2008 and November 9, 2011, respectively. FY-3’s
vertical sounding package is composed of Microwave Humidity
Sounder (MWHS), InfraRed Atmosphere Sounder (IRAS), and
Microwave Temperature Sounder (MWTS), in which MWHS
was designed for global atmospheric humidity observation in
all-weather conditions and for the monitoring of severe weather
systems such as typhoon and rainstorm [1]. Assimilation of
MWHS will improve the analysis of atmospheric humidity
fields required for numerical weather prediction (NWP) [2], [3].
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Fig. 1. MWHS onboard the FY-3 satellite.

The Center for Space Science and Applied Research
(CSSAR) of Chinese Academy of Sciences provided two flight
models for FY-3, i.e., A and B. To determine MWHS’s radio-
metric characteristics, the engineering model thermal vacuum
(TVAC) tests were completed before the launch of the satellite.

This paper first introduces the MWHS instrument, particu-
larly its channels’ characteristics and its on-orbit calibration
process. The observations from FY-3 MWHS are compared
with those from NOAA-17 AMSU-B equivalent channels. Fur-
thermore, the observed and simulated brightness temperature
biases of FY-3A MWHS and NOAA-18 Microwave Humidity
Sounder (MHS) are derived and compared.

II. GENERAL DESCRIPTION OF MWHS

MWHS is a total-power microwave radiometer, which has
five channels in the range of 150–191 GHz. Three sounding
channels have a center frequency at the 183.31-GHz water
vapor absorption line (183.31 ± 1, 183.31 ± 3, and 183.31 ±
7 GHz), each with two passbands and only sensitive to vertical
polarization at nadir. Two window channels are at 150 GHz,
with different polarizations (e.g., vertical and horizontal) [4].
The instrument photo is shown in Fig. 1, and the functional
block diagram is shown in Fig. 2 [16]. More details of the
spectral characteristics of MWHS are described in [5].

In the normal working mode for MWHS on orbit, two
offset-fed parabolic antennas are perpendicular to the flight
track. MWHS performs cross-track scanning with a swath of
2700 km and a local equatorial crossing time of 10:20 A.M.
The incident microwave radiation is fed to a corrugated feed
horn via reflectors; then, polarization is segregated for 150-GHz
channels, and the beam is split by a quasi-optical system into
three required frequency bands for 183 GHz to obtain the
observation expressed in the form of counts. Each receiver is
operated in double-sideband mode to improve the sensitivity.
The signals are amplified and integrated for 12.75 ms and then
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Fig. 2. MWHS functional block diagram.

TABLE I
PERFORMANCE CHARACTERISTICS CHECKED

ON ORBIT FOR FY-3A MWHS

digitized to 14 bit. The frequency stability of FY-3A MWHS’
receivers is 5.0 MHz. The main beam efficiency of the antenna
for MWHS sounding channels is greater than 98.0%. The
details of the on-orbit characteristic parameters for MWHS are
provided in Table I.

MWHS has a nominal field of view of 1.1◦ full-width at
half-maximum, with pointing accuracy of 0.1◦ and 16-km
spatial resolution at nadir. Every 8/3 s, MWHS scans through
98 Earth views, three space views, and three internal blackbody
views, covering ±53.35◦ from the subsatellite point during a
scan. Each space or internal target view is separated by a 1◦

step. The antenna rotation is not uniform; it accelerates and
decelerates between the Earth views, space views, and internal
target views observing. However, during the views observing
period, it uniformly rotates. There are seven platinum resistance
thermometers (PRTs) placed in the internal blackbody, where
five of them are for monitoring the blackbody temperature, and
two are for backup. The warm target can make heat exchange
with the satellite platform, and the temperature was passively
controlled. The space view center is at 107.1◦. The space views
and internal warm target views are used to complete on-orbit
two-point calibration for MWHS.

III. MWHS OPERATIONAL CALIBRATION ON ORBIT

The real-time calibration on orbit is the main operational cal-
ibration method for FY-3 MWHS. It includes the processes to

convert original counts into microwave radiation, nonlinearity
correction, and antenna correction.

A. Quality Control of Calibration Data References

The critical quality control of calibration data includes PRT
measurements of the warm target, positions and views of space
and warm target, the instrument temperature, etc. A sudden
jump in these data needs to be corrected and removed in noise
characterization and then calculating the instrument gain, etc.

The temperature of the internal warm target is measured by
five PRTs in each MWHS scan period. For each PRT, the counts
are converted to temperatures by (1). The average temperature
of the warm target is derived through weighting all the PRTs
in each scan period by (2) [10]–[14]. Fig. 3(d) shows the
average temperature change of the warm target at 183 GHz.
The warm target temperature shows a periodic change after
the satellite platform reaches a thermal equilibrium condition.
Generally, the amplitude during an orbital cycle is about 0.5 K.
The average temperature difference between adjacent scans is
generally less than 0.1 K for the 183-GHz warm target, after
reaching the dynamic heat balance. Thus

Ti,j = f0,i,j + f1,i,jVi,j + f2,i,jV
2
i,j

Vi,j =C ×DNi,j (1)

where Ti,j (j = 1, 2, . . . 5; i = 1, 2) is the measured physical
temperature of 150 GHz (i = 1) or 183 GHz (i = 2) for PRT
j, and it has unit in Kelvins. f0,i,j , f1,i,j , and f2,i,j are the
first-, second-, and third-term coefficients of polynomial, re-
spectively, in the temperature conversion for PRT j. Vi,j is the
voltage (unit in volts) given by PRT measurement, and DNi,j

is the PRT original measured counts; C is a constant, which is
10./32768, with unit in volts. Thus

T b,i =

m∑
j=1

wi,jTi,j

m∑
j=1

wi,j

+ΔTb (2)
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Fig. 3. Basic calibration data distribution during an orbit observing. The black, red, and blue lines represent channels 3, 4, and 5, respectively. (a) Averaged
space view of channels 3, 4, and 5. (b) Averaged internal blackbody view of channels 3, 4, and 5. (c) Instrument temperature. (d) Averaged PRT temperature. The
average calibration data of FY-3 MWHS are very consistent among the three views. The fluctuations of averaged calibration data between scan lines are generally
within 20 counts. In addition, the warm target temperature just fluctuated at 0.5 K during an orbit observing. All those make a good radiance calibration of MWHS.

where T b,i is for the average temperature of the internal warm
target in a scan, wi,j is for the average weight coefficient. In the
FY-3 MWHS processing system, wi,j = 1, i.e., a constant for
all the PRTs; and m is the number of PRTs after the quality
control. Each of the five PRTs is represented as Ti,j . If the
temperature difference of the PRT is over 0.1 K, the data are
considered abnormal and are not used in the temperature aver-
age. Because of that, m is equal or less than 5. If the difference
between the current scan T b,i and previous scan T b,i−1 is over
0.1 K, T b,i is also considered abnormal, and T b,i−1 is used
for the warm target mean temperature of the current scan. The
correction factor ΔTb for internal target temperature is based
on the ground vacuum test data analysis.

In the calibration procession, three samples of space views
and internal warm target views are made for each channel
during a scan period. After the instrument got thermal balance,
three samples should be consistent in count. Each count from
each channel is checked against the specific gross limits. The
measurement spread is examined against a channel-specific
limit between the scans. If the basic calibration data for a
channel failed in the checking, then the channel will be flagged
as bad data. The calibration cycle is flagged as a bad line
for any channel that failed in this checking. Then, we use the
supplementary calibration results, which came from the TVAC
test for the bad line.

The average counts for the current calibration cycle will be
computed for each channel that has not been flagged as bad.
The average counts equal to an average of good data of this
calibration cycle. There is one value for each channel, except
for those channels that are flagged as bad. During calibration
procession, the calibration cycle is with seven scans, which are

also used for all the other two sounding payloads, i.e., MWTS
and IRAS. The seven scans’ calibration cycle can make the
basic calibration data stable enough, and that which comes
from the TVAC test. In the TVAC test, the variation of noise
equivalent temperature (NEΔT) with the number of scan lines
included in the average of the space view and internal target
view counts could almost disappear after the number up to 7 [7].

In order to further reduce the measurement noise, the av-
eraged calibration data will be smoothed over a number of
calibration cycles. This is done by computing a normalized
smoothing weight function, i.e., Wj , by (3). It is a triangular
weight function. The average count is calculated by (4) [8].
Thus

Wj =

(
1− |j|

n+ 1

)/
(n+ 1) (3)

where j = −n, . . . ,+n is the number of scan lines, which is
separated with a pending calibrated scan line in a scan period.
j = 0 is the pending calibrated scan line. The weight coefficient
Wj and a constant n (n = 3) are also included in (3). Thus

Cp(i, l) =

m∑
k=1

Wk × Cp(i, k)

/
m∑

k=1

Wk (4)

where p = c or p = w is the observed counts of space (p = c:
cosmic view) or blackbody (p = w: warm blackbody view),
respectively; i is the channel number of MWHS from 1 to 5;
l is the scan line number; k is the number of data, which pass
through the quality control of the l scan line in the calibration
cycle; m is the total number of calibration observed counts,
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which pass the quality inspection in the calibration cycle; and
Wk is the weight coefficient determined by (3).

Occasionally, the moon also passes through the MWHS
space view and affects the calibration if not corrected. The
length for affecting the calibration is about 10 min per orbit
for ten consecutive orbits. The moon radiation can increase to
30 K, in the brightness temperature associated with MWHS
space view counts, and can result in an 8-K bias for the Earth
view brightness temperature if not corrected. Various strategies
have been developed to correct the jumps in the space view
counts. The position of the moon is calculated using a standard
astronomical formula, which allows for calculating the angle
between the moon and the MWHS space view. Space view data
will be rejected if the angle is less than 0.5◦. If the space views
were contaminated, the count is identified as abnormal, and
then, only the samples with the lowest space view counts are
used. If all three samples are contaminated by the moon, the
contaminated data are all removed, and the cold count is derived
from an extrapolation [17].

Fig. 3 shows the calibration data distribution during an orbit
period for the average counts of space and blackbody views,
the instrument temperature, and the averaged PRT temperature.
Overall, the difference of average calibration data between
scan lines is less than 20 counts. In addition, the warm target
temperature varies less than 0.5 K during an orbit observing.
This calibration cycle and the average techniques make on-orbit
MWHS calibration robust.

B. Calibration Procession

The MWHS Earth scene counts are converted to brightness
temperatures through three steps, including linear calibration,
nonlinear correction, and correction of antenna spillover ef-
fects. First, the linearity calibration [see (5)] is used to calculate
the radiance R0(ic, ip). Then, the Earth observed brightness
temperature T0(ic, ip) is obtained by inverse Planck’s law, i.e.,

R0(ic, ip) = a(ic)× C(ic, ip) + b(ic) (5)

where R0(ic, ip) is for the microwave radiation for the Earth
views, C(ic, ip) is for the original count, ic is for the chan-
nel number (ic = 1, . . . , 5), and ip is for the scan position
from 1 to 98. a(ic) and b(ic) are the linearity calibration
coefficients.

The statistical analysis during the MWHS prelaunch test in-
dicates that the nonlinearity is a function of the instrument tem-
perature and the Earth scene temperatures. It can be corrected
by a nonlinearity correcting function with three parameters, as
shown in (7) in the Appendix; and we got Tna(ic, ip). The
instrument temperature (Tinst) data are obtained in MWHS
housekeeping data. Fig. 3(c) shows the instrument temper-
ature change during one MWHS orbit cycle. e2(ic, Tinst),
e1(ic, Tinst), and e0(ic, Tinst) are the nonlinearity brightness
temperature bias correction coefficients at the reference tem-
perature, as shown in Table III. There are some variations for
the instrument temperature on orbit. In fact, the coefficients for
other instrument temperatures on orbit may be determined by
the interpolation according to the instrument temperature.

For a conversion from the antenna temperature to the sen-
sor brightness temperature, the antenna gain must be derived.
However, the radiation energy from the other target can be also

leaked into the system through the antenna sidelobes and result
in a bias, which must be also removed during the calibration
process. When the antenna scans through 98 positions of the
Earth scene, the radiation entering through the sidelobes may
come from deep space, satellite platform, or adjacent pixels
of the Earth-atmosphere system. We get a linearity correction
equation from the MWHS antenna test on the ground before
launch to remove the antenna spillover effect. The antenna
temperature Tna(ic, ip) is further corrected by (6). Then, we
get the brightness temperature of Earth views Tb(ic, ip), i.e.,

Tb(ic, ip) = r(ic, ip)× Tna(ic, ip) + s(ic, ip) (6)

where r(ic, ip) and s(ic, ip) are the MWHS antenna correction
coefficients, which are provided by instrument vender through
a lookup table. Fig. 4 shows the mosaic of MWHS 183-GHz
channels from MWHS L1 data on November 16, 2010, which
is generated by the MWHS preprocessing operational system.

IV. ASSESSMENTS OF CALIBRATION RESULTS

A. Cross-Comparison Between MWHS and AMSU-B

For the water vapor sounding system at microwave fre-
quencies, all the sensors deployed today have the same water
vapor absorption band at 183 GHz. When the sensors observe
the same target at the same time, the observed brightness
temperature difference should be the small and constant bias
[10]. NOAA17 AMSU-B and FY-3A MWHS have the same
characteristics such as center frequency, bandwidth, etc.

In this paper, FY-3A MWHS calibration results are compared
with NOAA17 AMSU-B by using the data from July 1 to 31,
2008. The time gap for matched data is less than 30 min.
Within such a time interval, temperature of the Earth-
atmosphere system remains stable over a homogeneous target
area, if there is no strong weather system passing. The Visible
and InfraRed Radiometer (VIRR), onboard FY-3A, operational
cloud detection productions were included for MWHS pixel
cloud screening. Then, we use a 5 × 5 analysis box for
homogeneity checking; if the brightness temperature standard
deviation is more than the threshold of 1.0 K [15], then that
means that the analysis box is not homogeneous enough. Such
5 × 5 box checking can also avoid the geolocation effect of one
pixel bias, which will produce the mismatching for two sensors.
After the homogeneity test, we also make scanning position
checking. For the cross-track microwave radiometer, every
pixel has a different scan angle. The brightness temperature
will change with the pixel position. The data, only when they
have almost the same position on the scan line, can be matched
together without a limb effect. Then, the data will be averaged
within a 5 × 5 box for two sensors.

After matching the data for NOAA17 AMSU-B and FY-3A
MWHS in time, space, and homogeneity checking in the analy-
sis area, more than 2500 data are derived all over the world. The
brightness temperature of matched targets is cross-compared to
get the relative bias of calibration results for FY3A MWHS.
Statistical comparisons are performed by calculating the mean
and the standard deviation of the brightness temperature dif-
ference between MWHS and AMSU-B. It can be seen that the
standard error tends to be a little bit larger (2.56 K) for channels
with weighting functions that peak lower in the atmosphere
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Fig. 4. Globe image mosaic of FY-3A MWHS 183.31-GHz channels on
November 16, 2010. (a) 183.31 ± 1 GHz. (b) 183.31 ± 3 GHz. (c) 183 ±
7 GHz.

(channel at 183 ± 7 GHz); this is probably due to the channels
were more susceptible to the time and location differences,
although they are carefully controlled in the data matching
method, and due to some noise for the MWHS channel at 183 ±
7 GHz. Overall, the observation brightness temperatures of
MWHS and AMSU-B are very consistent, and the RMSE for
channels is between 1.08 and 3.07 K (see Table II).

B. Comparison Between the Theoretical Simulation and the
Observation of Brightness

The MWHS three channels at 183 GHz have the same center
frequency as channels at 183 GHz of MHS. The quality of the

TABLE II
CROSS-COMPARISON RESULTS AT SIMULTANEOUS

CROSS OVERPASSES (SCO) POINTS

TABLE III
REGRESSION COEFFICIENTS FOR THE

NONLINEARITY CORRECTION EQUATION

brightness temperature measurements from the FY-3A MWHS
can be assessed using the MHS brightness temperature obser-
vations from the NOAA-18 satellite. However, a direct pixel-
by-pixel comparison between FY-3A’s MWHS and NOAA-18’s
MHS is almost impossible over a global scale because bright-
ness temperature measurements from these two satellites do
not overlap, except for the region over the high latitude [18].
By comparing with the model simulation results, it is possible
to compare two satellites’ sensor characteristics. It is the so-
called double-difference method. The statistical features of the
bias between the MWHS observation-minus-background (O-B)
simulations are examined and compared with those of the
NOAA-18 MHS over oceanic and clear sky conditions.

In this paper, the community radiative transfer model
(CRTM) was used to simulate MWHS and MHS channel
brightness temperatures. CRTM is a sensor-based fast radiative
transfer model developed at the Joint Center for Satellite Data
Assimilation [19]. It can be used to simulate both radiances
at the top of atmospheres and radiance gradients for satellites
over various atmospheric and surface conditions and is a key
component in the data assimilation system of NWP models.

The input data for the simulation come from the National
Centers for Environmental Prediction’s Global Data Assimi-
lation System (GDAS). We chose the data of NOAA18 MHS
L1C and FY-3A MWHS L1 from December 11 to 15, 2010, to
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Fig. 5. Histogram distribution of the bias between observations and CRTM simulations for (solid line) MWHS and (dashed line) MHS under clear sky and over
ocean from December 11 to 15, 2010. The solid and dashed lines represent FY-3A MWHS and NOAA-18 MHS, respectively. Br. Temp. Diff. = Observation Tb −
Background Simulation Tb. Channels (a) 183 ± 1 GHz, (b) 183 ± 3 GHz, and (c) 183 ± 7 GHz. The results show that the differences of O-B for FY-3A MWHS
are smaller than those for NOAA-18/MHS at the 183 ± 1 GHz and 183 ± 7 GHz vapor absorption channels.

perform the analysis. The comparison between observations
and CRTM simulations was performed only over ocean be-
tween the ±45◦ latitude zone and in clear sky conditions. The
FY-3 VIRR cloud detection products were included according
to the VIRR-VASS (VASS: Vertical Atmospheric Sounding
System of FY-3) matched data produced by the FY-3 opera-
tional production system [19] to screen out the cloud pixels. The
clear sky detection for NOAA18 MHS L1C is just following the
ATOVS and AVHRR Preprocessing Package (AAPP) scientific
description in [14].

Fig. 5 shows the distribution of the bias between observations
and CRTM simulations for MWHS and MHS over ocean under
clear sky conditions from December 11 to 15, 2010. Overall,
MWHS shows better and more consistent performance than
MHS for the channel at 183.31 ± 7 GHz; but for the channel
at 183.31 ± 3 GHz, MHS shows better and more consistent
performance than MWHS. For the 183.31 ± 1 GHz channel, at
the absorption peak, they almost have the same performance.
The O-B biases may be contributed from several sources such
as instrument calibration processing, variation of instrument
center frequency characteristics, instrument parameters, and
background field and/or model errors; all of those need to be
further investigated but is beyond the scope of this paper.

V. SUMMARY AND CONCLUSION

MWHS onboard the FY-3A satellite has been put in opera-
tional application since 2008. MWHS data have many success-
ful applications, including severe storm monitoring and NWP
data assimilation.

MWHS key parameters for on-orbit calibration were derived
from prelaunch ground vacuum test data and further refined
through on-orbit analysis. By the TVAC test data processing
and analysis, the MWHS receiver nonlinearity parameters were
obtained. The variations of calibration results with instrument
temperature were relatively small.

The MWHS on-orbit calibration system has been working
well, and the basic calibration data are stabile. The variation of
average space views and warm target views between scan lines
were generally within 20 counts. The temperature of the warm
target just fluctuated at 0.5 K during an orbit observing.

Cross-comparisons between MWHS and AMSU-B were
performed and demonstrated a close similarity between the
two measurements. The temperature difference between two
instruments is only 1.08 K for channels at 183 ± 1 GHz,
and the MWHS performance falls in a family of the same

category of instruments onboard other platforms. Furthermore,
the observed and simulated brightness temperature biases of
FY-3 MWHS and NOAA-18 MHS exhibit similar performance
in the 183.31 ± 1 GHz channel; but in the 183.31 ± 7 GHz
channel, MWHS agrees better with background. The study
results showed in this paper will provide useful information in
future validation and application for MWHS and the same kind
of microwave sounding instruments.

APPENDIX

The purpose of the FY-3A MWHS TVAC experiment is to
test the system response characteristics and set up the quantita-
tive relations between input parameters and MWHS outputs in
a TVAC chamber condition [5], [6]. The main content includes
performance testing, vacuum calibration experiment, calibra-
tion error analysis, and determining the prime technical speci-
fication in different environment temperatures such as MWHS’
nonlinearity correction coefficients. Here, we just summarized
the main points of the TVAC test, which has supported the on-
orbit calibration.

The FY-3 MWHS TVAC test is performed in a 2-m TVAC
chamber (KM2), which is reconstructed by NO.509 Institute
of Shanghai Academy of Space Flight Technology. The KM2
vacuum degree is between 1.3× 10−3 Pa and 1.5× 10−3 Pa.
In the TVAC test, PRTs are used to measure the temperatures
of the cold, warm, and Earth targets. Temperature measurement
accuracy of a PRT is better than 0.1 K. The emissivity of the
three calibration targets is greater than 0.9993.

The MWHS receiver nonlinearity is determined by an anal-
ysis of TVAC test data. The detailed description about the
calibration bias of MWHS can be seen in [5]. This bias mainly
comes from the receiver nonlinearity. At four surrounding
temperatures, i.e., at 0 ◦C, 10 ◦C, 20 ◦C, and 30 ◦C, the
nonlinearity curves for three 183-GHz water vapor sounding
channels display similar distributions. According to the TVAC
test data analysis, a nonlinearity bias correction is best fitted in
a quadratic equation with three parameters, as follows:

ΔT (ic) = e2(ic, Tinst)× T 2
0 (ic) + e1(ic, Tinst)

× T0(ic) + e0(ic, Tinst)

T0(ic) = Planck−1(R)

R = a× C + b

Tna(ic) =T0(ic) + ΔT (ic) (7)
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where e2(ic, Tinst), e1(ic, Tinst), and e0(ic, Tinst) are the re-
gression coefficients shown in Table III for the nonlinearity
correction equation corresponding to the instrument temper-
ature Tinst and channel ic; ΔT (ic) is the nonlinearity bias
correction amount; T0(ic) is the Earth target temperature,
which is obtained by R, which is a linear calibration result
and reconverted into temperature by Planck’s law; and Tna(ic)
is the corrected antenna nonlinearity temperature. Through a
nonlinearity correction, the maximum temperature deviation of
three sounding channels is not more than 0.37 K, as shown in
Table III. The nonlinearity correction of a quadratic equation
with three parameters has been used in the FY-3A MWHS
operational preprocessing system.
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