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ABSTRACT

The Microwave Temperature Sounder (MWTS)-2 has a total of 13 temperature-sounding channels with the capability
of observing radiance emissions from near the surface to the stratosphere. Similar to the Advanced Technology Microwave
Sounder (ATMS), striping pattern noise, primarily in the cross-track direction, exists in MWTS-2 radiance observations. In
this study, an algorithm based on principal component analysis (PCA) combined with ensemble empirical mode decomposi-
tion (EEMD) is described and applied to MWTS-2 brightness temperature observations. It is arguably necessary to smooth the
first three principal component (PC) coeflicients by removing the first four intrinsic mode functions (IMFs) using the EEMD
method (denoted as PC3/IMF4). After the PC3/IMF4 noise mitigation, the striping pattern noise is effectively removed from
the brightness temperature observations. The noise level in MWTS-2 observations is significantly higher than that detected in
ATMS observations. In May 2014, the scanning profile of MWTS-2 was adjusted from varying-speed scanning to constant-
speed scanning. The impact on striping noise levels brought on by this scan profile change is also analyzed here. The striping
noise in brightness temperature observations worsened after the profile change. Regardless of the scan profile change, the
striping noise mitigation method reported in this study can more or less suppress the noise levels in MWTS-2 observations.
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Article Highlights:

o MWTS-2 observations are contaminated with striping pattern noise that is greater in magnitude than that of the ATMS.
e The scan profile change implemented on MWTS-2 in May 2014 made striping noise stronger.
e The PCA/EEMD method can effectively mitigate the striping noise in MWTS-2 observations before or after the profile

change.

1. Introduction

FengYun (FY)-3C was successfully launched into a sun-
synchronous orbit on 23 September 2013. It is the third
satellite in the new series of the Chinese FY polar-orbiting
fleet. The FY-3 mission aims at enhancing numerical weather
prediction and climate research with observations, monitor-
ing large-scale natural disasters, and providing meteorolog-
ical information for aviation and navigation purposes. The
first and second satellites of this series, i.e., FY-3A and FY-
3B, were launched into their orbits on 27 May 2008 and
5 November 2010, respectively. The local equator crossing
times of FY-3A, -3B, and -3C are 1000, 1400, and 2200, re-
spectively. The Microwave Temperature Sounder (MWTS)-
2 is one of the 11 sensors onboard FY-3C. The MWTS-2
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contains 13 channels whose central frequencies range from
50.3 GHz to 57.6 GHz corresponding to the Advanced Tech-
nology Microwave Sounder (ATMS) channels 3-15. Table
1 lists the central frequencies and peak weighting func-
tion pressures of the MWTS-2 channels. As a cross-track
microwave radiometer, the MWTS-2 has 90 fields-of-view
(FOVs) on each scan line, and the swath width of the MWTS-
2 is 2600 km (Tian et al., 2018).

During 12-18 May 2014, the scan profile of the FY-3C
MWTS-2 was changed. Before this scan profile change, each
scan cycle took 2.67 seconds. The antenna of the MWTS-2
scans at cold space, a warm target, and the earth scene with
the same integration time of 0.018 s and accelerates during
the time in between. After the profile change, the MWTS-2
kept a constant speed during each entire scan cycle of 5.23
s. MWTS-2 data from 5-11 March 2014 and 29 May to 4
June 2014 are used in this study. There are 14—15 swaths in a
single day. Each swath contains around 2400 and 1200 scan
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Table 1. Central frequencies of FY-3C MWTS and corresponding
ATMS channels.

Central frequency Peak weighting
Channel number (GHz) function (hPa)
MWTS ATMS MWTS ATMS MWTS ATMS
1 3 50.3 Surface
2 4 51.76 950
3 5 52.8 850
4 6 53.596+0.115 700
5 7 54.4 400
6 8 54.94 250
7 9 55.5 200
8 10 57.2903 100
9 11 57.2903 £0.115 50
10 12 57.2903 25
11 13 57.2903 +£0.322 10
12 14 57.2903 +£0.322+0.010 5
13 15 57.2903 +£0.322 + 0.004 2

lines before and after the scan profile change, respectively.
Numerous previous studies have demonstrated the signif-
icance of observations from temperature sounders such as
the MWTS-2 and ATMS. Tian and Zou (2016) described
an improved temperature retrieval algorithm for tempera-
ture sounder observations and applied the results to hurri-
cane cases to analyze three-dimensional warm-core struc-
tures. Tian and Zou (2018) examined the temporal evolutions
of thermal structures in the 2017 Hurricanes Harvey, Irma,
and Maria using retrievals from temperature sounder obser-
vations. Zou and Tian (2018) developed a global position-
ing system radio occultation-based temperature retrieval al-
gorithm with limb-corrected and remapped ATMS observa-
tions. As MWTS-2 has similar channel configurations, these
recently proposed temperature retrieval algorithms are all
readily applicable to MWTS-2 observations. There was a sig-
nificant reduction in the random noise level in the results.
Temperature sounder observations have also been shown to
have positive impacts on hurricane track and intensity fore-
casts (Zou et al., 2013; Li et al., 2016; Li and Liu, 2016) as
well as on global weather forecast skills (Eyre et al., 1993;
Andersson et al., 1994; Derber and Wu, 1998). Tian et al.
(2018) showed that MWTS-2 observations, after limb cor-
rection, could be used to monitor tropical cyclones. The non-
random, striping pattern noise found in ATMS observations
may possibly be due to the 1/f noise in its receiver (Bor-
mann et al., 2013; Qin et al., 2013). Li et al. (2016) reported
slightly higher analysis and forecast errors when assimilat-
ing MWTS-2 observations due to the striping noise. Zou et
al. (2017) described a principal component analysis (PCA)
combined with Ensemble Empirical Mode Decomposition
(EEMD) striping noise mitigation method for ATMS that is
applicable to all temperature-sounding channels as well as
window channels. Striping issues have also been found in
the predecessors of MWTS-2, the MWTS onboard FY-3B,
as well as the ATMS onboard the recently launched National
Oceanic and Atmospheric Administration (NOAA-20) satel-
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lite (Li and Zou, 2015; Zou and Tian, 2019).

In this study, the PCA/EEMD striping noise mitigation
is adopted and applied to MWTS-2 observations before and
after the scan profile change to analyze the MWTS-2 strip-
ing noise characteristics. The same mitigation method can be
readily applicable to other instruments, including the previ-
ous MWTS on previous FY-3 satellite series.

2. Striping noise mitigation algorithm

The data matrix composed of MWTS-2 brightness tem-
peratures can be expressed as

Y11 YN,
Ayxy=| + . 1, (1)

Yi.m YN.M

where yy; is the brightness temperature at FOV position i of
the kth scan line. In this study, each data sample consists of
200 scan lines. M denotes the total number of FOVs in one
scan line. In the case of MWTS-2, this is equal to 90. N is the
total number of scan lines in the analysis sample. The matrix
A yxn can be decomposed into M = 90 PC modes,

A= Z eju; , @

Jj=

—

where the jth mode is the product of the PC coeflicient u; and
the PC component e;. The PC coefficient describes along-
track features while the PC component is a function of the
FOV position (Qin et al., 2013; Zou et al., 2017). For each
individual observation pixel, Eq. (2) can also be written as

90
Vi = Zej,iuk,j . 3)

j=1
An EEMD method (Wu and Huang, 2009) can then be
employed to remove the striping noise in the decomposed
MWTS-2 observations, i.e., yr;. The smoothed brightness
temperature, YEgmp k.i» can then be calculated by removing
the first three intrinsic mode functions (IMFs) of the first PC,

ug.1, as follows:

3 90
JEEMD ki = €1,i (”i,l - Z IMFm(k)] + Z ejittkj - (4

m=1 Jj=2

The EEMD-smoothed PC coefficient can then be ex-
pressed as UEEMD k,1 = Uk,1 — 251:1 IMF,,,(k), where L denotes
the number of IMFs to be removed.

The spectra for the first six IMFs of the first four PC co-
efficients at channel 8 for 1 May 2014 are shown in Fig. 1.
Peak magnitudes of the first four IMFs are at the frequen-
cies greater than 102 Hz. The amplitude of an individual
IMF decreases with PC coefficient sequence, i.e., all IMFs
have the largest amplitudes for the first PC coefficient and the
smallest amplitudes for the fourth PC coefficient. This is in
accordance with the fact that the first PC component explains
the majority of variances. The peak magnitudes of the IMFs
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Fig. 1. Fourier spectra for the first six IMFs of the (a) first, (b) second, (c) third, and

(d) fourth PC coefficients at channel 8 fo

of the first three PC coefficients start to increase noticeably
after the fourth IMF. For example, the peak magnitudes of the
fifth IMFs are ~10 times greater than the peak magnitudes
of the first four IMFs. The absolute majority of the variances
in observations from signals such as weather signals, instru-
ment scan patterns, as well as striping noise are accounted
for by the first three principal components (Qin et al., 2013;
Zou et al., 2014). For the fourth PC coefficient, there is no
clear difference in the peak magnitudes of the six IMFs. We
thus choose to remove the first four IMFs of the first three
PC coefficients, denoted as PC3/IMF4 for brevity. The distri-
bution of the first five PC modes (i.e., eigenvectors) for the
47th MWTS-2 data sample (k = 47, each sample includes
200 scan lines) on 1 May 2014 is displayed in Fig. 2. Note
that the eigenvectors are functions of FOV positions. All
PC modes oscillate around zero, and their values are close
in scale. Compared with other PC modes, the first PC mode

r MWTS-2 observations on 1 May 2014.
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Fig. 2. Spatial distributions of the first five PC modes (i.e.,

eigenvectors) for the 47th MWTS-2 data sample (k = 47, each
sample includes 200 scan lines) on 1 May 2014.
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Fig. 3. Spatial distributions of the first three PCA components (i.e., the product of an eigenvalue and an eigen-
vector) before (left panels) and after (right panels) striping noise mitigation for the 47th data sample (k = 47,
each sample includes 200 scan lines) on 1 May 2014.
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changes little. This is reasonable because the first PC mode
represents the major cross-track scan features of the MWTS-
2 while the other PC modes capture weather signals. The
numbers of extrema for the second, third, fourth, and fifth PC
modes are two, three, four, and five, respectively. Figure 3
shows the spatial distributions of the first, second, and third
PC components, i.e., the products of PC coefficients and the
corresponding PC modes. The magnitude of the first PC
component is the greatest, comparable in magnitude to the
brightness temperature. The second and third PC components
have magnitudes of the same order. The PC components be-
fore and after smoothing are calculated as the PC coefficients
with and without the first four IMFs removed, respectively.
Before the noise mitigation, visible striping noise exists in all
the three PC components. After smoothing, the striping noise
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-5.00 -4.60 -4.20 -3.80 -3.40 -3.00

-5.00

-4.60 -4.20 -3.80 -3.40 -3.00

Fig. 5. Global distributions of channel 8 (a) O — B and (b) differ-
ences between smoothed brightness temperatures removed on 1
May 2014 on the ascending node. The first four IMFs of the
first three PC coefficients are removed for noise mitigation. (c)
The removed striping noise. Units: K.
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is removed while large-scale features in the along-track and
cross-track directions remain unchanged.

The Community Radiative Transfer Model is used in this
study to simulate MWTS-2 brightness temperatures using
the 6-h forecast field generated from the National Centers
for Environmental Prediction Global Forecast System as the
background. This was done to bring out the striping noise in
observed brightness temperatures. The spatial distributions of
the observed (O) and simulated (B) brightness temperatures
on 1 May 2014 are displayed in Figs. 4a and b. The striping
noise can be easily identified from the observed brightness
temperature field. Figure 4c shows the spatial distribution
after the PC3/IMF4 striping noise mitigation. Compared
with Fig. 4a, no striping noise is found in the distribution
of PC3/IMF4-smoothed brightness temperatures. The spa-
tial distributions of the differences between observations and
simulations (O — B) before and after the PC3/IMF4 noise mit-
igation are shown in Figs. 4e and f, respectively. The striping
noise pattern clearly seen in Fig. 4e is effectively removed
after PC3/IMF4 smoothing. Figure 5 shows the global dis-
tributions of (O — B) before and after the PC3/IMF4 striping
noise mitigation on 1 May. It is clear that after smoothing,
the visible striping noise is effectively removed while other
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Fig. 6. Variations in (a) along-track variances for channel 8 as a
function of the sample group number and FOV (i) and (b) cross-
track variances as a function of dataset number (k) and scan line
(j) before striping noise mitigation on 1 May 2014. The total
number of scan lines in each dataset is 200. The total number of
datasets for both the ascending and descending nodes on 1 May
is 162.
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weather-related features are not altered. The noise removed
is shown in Fig. 5c.

3. Striping index calculated for FY-3C

MWTS-2 global data

To quantitatively validate the effectiveness of the striping
noise mitigation on FY-3C MWTS observations, a striping
index as a measure of uniform accuracy for brightness tem-
perature is defined here. The Striping Index (SI) for a single
day at a given channel is calculated as

K 1vN 2 :
B k=1 N 2i=1 O—along(k’ i)

2521 ﬁ Zjuﬂ O'%ross(k,j)

(&)

ilong(k, i) and 02, (k, j) are along-track and across-

track variances, respectively. The variances are calculated as
follows:

where o

1 M
Taong %) = 5 (0= By j— (0= By )?
i ©)

(O=B)j=

1 i
— > (O=B),
M4

(@go
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Fig. 7. As in Fig. 6 except for data with striping noise mitigated
(PC3/IMF4). The mean value of the striping index at channel 8
is 0.975.
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Thoss(ked) = 5 D (0= B)iij= (0= By
X i;l (7)
©=Bjij= 3 2,0~ By
i=1

where (O — B)y;,j stands for the (O — B) difference at the ith
FOV on the jth scan line within the kth data sample, N is the
total number of FOVs, M is the number of scan lines within
each of the datasets for the variance calculation, and K is
the total number of data samples. In the calculation, N = 90,
M =200, and K is around 160. The smoothed brightness tem-
peratures will be denoted as Ogyooth for SIs after noise miti-
gation.

Figure 6 shows the variations in along-track variances
(k, i) and cross-track variances o2, (k, j) calculated us-

o2
along

ing brightness temperatures before striping noise mitigation
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-5.00 -4.60 -4.20 -3.80 -3.40 -3.00

Fig. 8. Global distributions of channel 8 (a) O — B and (b) dif-
ferences between smoothed brightness temperatures removed
on 30 May 2014 on the ascending node. The first three IMFs of
the first three PC coeflicients are removed for noise mitigation.
(c) The removed striping noise. Units: K.
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Fig. 9. Variations in (a) along-track variances as a function of
the sample group number and FOV (i) and (b) cross-track vari-
ances as a function of dataset number (k) and scan line ( j) before
striping noise mitigation on 30 May 2014. The total number of
scan lines in each dataset is 100. The total number of datasets
for both the ascending and descending nodes on 30 May is 164.
(c) Variations in striping index as a function of dataset number
(k). The dashed line shows the mean striping index (equal to
1.5146).
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Fig. 10. As in Fig. 9 except for data with striping noise mit-
igated (3PC/3IMF). The mean value of the striping index is
1.013.

on 1 May 2014. The distribution of the along-track variance
has line patterns for adjacent FOVs within some data sam-
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ples due to cross-track correlations. By comparison, the dis-
tribution of the cross-track variance appears to be more ran-
dom. The along-track variances generally have larger val-
ues than the cross-track variances, confirming that striping
noise adds to along-track variances. The striping index cal-
culated using Eq. (5) for Fig. 6 is 1.3513. Figure 7 shows
variations in along-track variances o-ilong(k, i) and cross-track

variances 02, (k, j) after striping noise mitigation. The mag-
nitudes of the along-track variances are significantly reduced
while those of the cross-track variances change very little.
The striping index for Fig. 7 is now reduced to 0.975.

4. Impact of profile change on striping noise

During the period 12-18 May, a scan profile change was
implemented on the MWTS-2 instrument, prior to which it
took 2.67 s to finish one scan cycle. Since the scan profile
change, the MWTS-2 scans at a constant pace of 5.23 s per
scan cycle. The striping noise results from 29 May to 4 June
2014 are shown to illustrate the influence of the scan profile
change. Similar to Fig. 5, Fig. 8 shows the global distributions
of (O — B) before and after striping noise mitigation on 30
May 2014. After the scan profile change, the striping noise in
MWTS-2 observations is similar in magnitude as those before
the scan profile change (Fig. 5). The along-track and cross-
track variances of the observations on 30 May 2014 before
and after destriping are shown in Figs. 9 and 10, respectively.
Comparing the results in Fig. 9 with those in Fig. 6 (1 May),
the along-track variances are visibly greater, while no signif-
icant increase can be seen in the cross-track variances. The
SI for MWTS-2 observations after the scan profile change in-
creased from 1.35 (Fig. 6) to 1.51 (Fig. 9). After destriping,
the SI in Fig. 10 drops to 1.01, which is still high compared
with the destriped observations before the scan profile change
(0.98 in Fig. 7).

Figure 11 shows the variations in SIs of MWTS-2 channel
8 with respect to date during two one-week periods. Along-
track variances increased after the scan profile change while
cross-track variances remained about the same, suggesting
that the FY-3C MWTS-2 striping problem became even more
severe after the scan profile change. The along-track varia-
tions after striping noise mitigation were noticeably reduced.
The cross-track variations also decreased slightly due to the
smoothing within the second and third PC coefficients. The
SI index hovers around 1.0 after noise mitigation, indicating
the effectiveness of the noise mitigation reported in this study.

5. Summary and conclusions

Striping pattern noise in the along-track direction ex-
ists in MWTS-2 observations. In this study, the PCA/EEMD
method described by Zou et al. (2017) is applied to MWTS-
2 brightness temperature observations to detect and mitigate
the striping noise. Striping noise exists in not only the first PC
coefficient but also in the second and third PC coefficients.
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Fig. 11. (a) Along-track variances, (b) cross-track variances, and (c) striping index at
channel 8 during 1-7 May 2014 and 29 May to 4 June 2014 before (red) and after
(blue) noise mitigation. Ascending and descending nodes are shown as open and solid

markers, respectively.

The magnitude of the striping noise in the temperature-
sounding channels can be as great as 1 K, which is much
greater than the noise level in ATMS observations (Qin et
al., 2013). For the purpose of a quantitative analysis, a global
striping index is defined based on the variances of brightness
temperature observations in both along-track and cross-track
directions. This index shows that, because of the existing
striping noise, the along-track variance is significantly larger
than the variance in the cross-track direction. After noise mit-
igation, the global striping index decreased dramatically to a
value of one, suggesting the effectiveness of the noise mit-
igation algorithm reported in this study. During 12—-18 May
2014, a scan profile change was implemented. After the scan
profile change, the antenna on the MWTS-2 started to ro-
tate at a constant pace. Striping noise in the observations for
a two-week period after the scan profile change reveals that
the noise level became even higher after the profile change.
From another perspective, this suggests that the root cause
of the striping noise in microwave sensors does not lie in the
scanning pace.
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