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Abstract: The Special Sensor Microwave Imager Sounder (SSMIS) onboard the Defense Meteoro-
logical Satellite Program (DMSP) F16, launched on 18 October 2003, was the first conical-scanning
radiometer to combine the Special Sensor Microwave/Imagers (SSM/I), Special Sensor Microwave/
Temperature Sounder (SSM/T), and the Special Sensor Microwave/Water Vapor Sounder (SSM/T2).
Nearly 20 years of F16 SSMIS data are available to the general public, providing many opportunities
to study the atmosphere at both the synoptic and decadal scales. However, data noise from compli-
cated structures has occurred in the brightness temperature (TB) observations of lower atmospheric
sounding (LAS) channels since 25 April 2013. We used a two-dimensional Fast Fourier Transform
to analyze the characteristic features of data noise in cross-track and along-track directions. We
found that the data noise is around 1–2 K and occurs at certain cross-track wavelengths (∆λ)noise. A
latitudinal variation was found for (∆λ)noise. Due to noise interference, TB observations reflecting
rain, clouds, tropical cyclone warm core, temperature, and water vapor distributions are not readily
distinguishable, especially in channels above the middle troposphere (channels 4–7 and 24), whose
dynamic TB range is smaller than low tropospheric channels 1–3. Examples are provided to show the
impact of the proposed noise mitigation for conical-scanning TB observations to capture 3D structures
of hurricanes directly. Once the noise in F16 SSMIS LAS channels from 25 April 2013to the present is
eliminated, we may investigate the decadal change of many features of tropical cyclones derivable
from these TB observations.

Keywords: F16 SSMIS LAS channels; brightness temperature observations; along-track varying
cross-track data noise; tropical cyclone

1. Introduction

The Special Sensor Microwave Imager/Sounder instrument (SSMIS) onboard the
US Air Force Defense Meteorological Satellite Program (DMSP) polar-orbiting satellite
F16, launched on 18 October 2003, was the successor and combination of the Special
Sensor Microwave/Imagers (SSM/I), the Special Sensor Microwave/Temperature Sounder
(SSM/T), and the Special Sensor Microwave/Water Vapor Sounder (SSM/T2) onboard
the F10–15. As a conical scanning radiometer with a constant 45◦ scan angle, the SSMIS’s
24 channels, whose central frequencies range from 19 to 183 GHz, are primarily designed
to enhance remote-sensing capabilities of the land surface, ocean surface wind speed,
cloud liquid, and rain rate (channels 12–18), measure the atmospheric radiation from the
surface to about 30 hPa (channels 1–7), the upper troposphere (channel 24, ~12 hPa) and the
mesosphere (channel 19, ~0.28 hPa), and obtain features sensitive to water vapor contents
in the middle and lower troposphere (channels 8–11). SSMIS field-of-view (FOV) sizes are
the same, and the distance between any two neighboring FOVs along a scan line does not
vary. Therefore, weather-related structures are directly visible in global TB observations
at channels 1–7, often called lower atmospheric sounding (LAS) channels. The F16 SSMIS
TB observations have been available to the general public since 20 November 2005. As of
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now, we have more than 16 years of F16 SSMIS observations. Unfortunately, a significant
data noise has occurred in F16 SSMIS TB observations since 25 April 2013. Our study
analyzes these noise characteristics and develops an appropriate noise-detection algorithm
for F16 SSMIS observations. Only then can we explore a unique opportunity to study the
weather and climate of the atmosphere over 16 years using simultaneous measurements of
imager channels, temperature-sounding channels, and humidity-sounding channels from
F16 SSMIS.

Using satellite microwave observations to study the weather and climate of the at-
mosphere has been conducted more substantially using cross-track temperature sounders
since the earliest Microwave Sounding Unit (MSU) onboard the National Oceanic and At-
mospheric Administration (NOAA) polar-orbiting satellites TIROS-N, which was launched
on 13 October 1978. The 4-channel MSU onboard TIROS-N, NOAA-6 to NOAA-14 was
then replaced by the 15-channel Advanced Microwave Sounding Unit-A (AMSU-A) when
NOAA-15 was launched on 13 May 1998. The AMSU-A onboard NOAA-15 to NOAA-19
and MetOp-A/B/C [1,2] was finally replaced by the Advanced Technology Microwave
Sounders (ATMS) when S-NPP and NOAA-20 were launched on 28 October 2011 and
18 November 2017, respectively [3]. The global TB observations from multiple cross-track
microwave temperature sounders have more than 40 years of continuous data records [4]
that are routinely assimilated into NWP systems at nearly all operational centers and have
contributed to significant improvements in global NWP forecast skills at the National
Centers for Environmental Prediction (NCEP) [5], the European Centre of Medium-Range
Weather Forecasts (ECMWF) [6,7], and China [8,9]. However, as a unique feature of cross-
track radiometers, the limb effect causes the structural features of weather not to be directly
visible from TB observations. This finding is not the case for TB observations from the
conical scanning radiometer SSMIS.

Among different weather systems, tropical cyclones (TCs) remain of great interest to
research and operational forecasts [10–13]. Due to the fast-evolving nature of their struc-
ture, track, and intensity controlled by complex, dynamic physics processes and societal
impacts, satellite observations have become instrumental for investigating and predicting
TCs that are mostly over oceans where conventional observations are rare. Besides direct
assimilation of conical scanning microwave observations [14–17], another way to fully
explore the potential values of polar-orbiting satellite microwave TB observations for TC
research and forecasts is to apply TC warm core, TC center position, and inner and outer
rainband sizes derivable from TB observations to vortex initialization. The microwave
radiance is approximately a linear function of the atmospheric temperature at frequencies
<200 GHz, larger than all SSMIS and AMSU-A channel frequencies. Based on this physical
consideration, TC warm-core anomalies can be retrieved based on TB observations from
these microwave instruments [18–22]. The assimilation of satellite microwaves retrieved
TC warm-core temperatures improved 48-h forecasts of intensifications and vertical struc-
tures of all model state variables (e.g., temperature, water vapor mixing ratio, liquid water
content mixing ratio, tangential and radial wind components, and vertical velocity) for
Hurricane Florence (2018) and Typhoon Mangkhut (2018) [23]. Hu and Zou [24,25] devel-
oped an azimuthal-spectral-analysis-based center-fixing algorithm to determine the TC
center position in real-time using the TC’s axisymmetric structural information embedded
in TB observations. The noise, if not detected and removed, prevents the application or
reduces the accuracy of the TC warm-core retrieval and TC center positioning using SSMIS
TB observations.

The conical-scanning node makes SSMIS LAS channels a potentially important data
source complementing cross-track radiometers in revealing TC structures. The long-term
F16 SSMIS data availability also allows an investigation into the decadal change of TCs.
For these purposes, we aimed to remove the noise found in the F16 SSMIS LAS channels
from 25 April 2013 onward. Our paper is organized as follows: Section 2 briefly describes
F-16 SSMIS TB observations of LAS channels. Section 3 describes methods for analyzing
and mitigating data noise. Our results are presented in Section 4, showing temporal



Remote Sens. 2022, 14, 3171 3 of 21

and latitudinal dependences of data noise in F-16 SSMIS LAS channels TB observations.
Methods to avoid artificial errors induced by noise mitigation due to sharp TB variations
over TC heavy rainfall areas are discussed in Section 5. Our conclusions and future plans
are provided in Section 6.

2. Data Description

DMSP F16 is a sun-synchronous polar-orbit satellite at an altitude of approximately
833 km, circling the Earth at 14.1 revolutions per day. The SSMIS instrument onboard
F16 is a conically scanning passive microwave radiometer that collects data from the aft
(forward) to the nadir for a morning ascending (descending) node orbit. It measures
upwelling microwave radiation from 24 channels located in a range of frequencies from
19 to 183 GHz [26]. These 24 channels consist of the lower atmospheric sounding (LAS)
channels 1–7 and 24, the environmental sensor channels 12–16, imager channels 8–11 and
17–18, and upper atmospheric sounding channels 19–23. Although only the SSMIS channels
12–18 from F16, F17, and F18 were intercalibrated to SSM/I equivalent channels to generate
the so-called Fundamental Climate Data Record (FCDR) of TB data from the SSMIS sensors,
the output FCDR file also contains the TB and geolocation information for all the other
SSMIS channels with limited corrections and no intercalibration applied [27]. Ten years
since its launch date, TB observations of the SSMIS LAS channels from DMSP F16 were
contaminated by obvious noise, preventing any possible attempts to study climate change.
Our study focuses on F16 SSMIS LAS channels.

Channel characteristics for the LAS channels are shown in Table 1. The LAS channels
are located in the oxygen (O2) band and provide measurements of upwelling microwave
radiances responding to emissions and absorption due to O2 rotational transitions. They
provide information on atmospheric temperature. The eight LAS channels are designed to
profile atmospheric temperature from the surface to the upper stratosphere near 12 hPa.
Channel 1 is the window channel, and other LAS channels are sounding channels. A TB
measurement from a particular channel quantifies a radiation amount from a vertical layer
of the atmosphere centered around the altitude of the maximum weighting function (WF)
shown in Table 1. The SSMIS antenna bore-sight is designed at a 45◦ angle off the nadir so
that the SSMIS conically scans the Earth’s surface at an incidence angle of 53◦With a swath
width of 1707 km. All fields-of-view (FOVs) are 27 × 18 km2 in the along- and across-track
directions. The sampling interval is the same as 12.5 × 37.5 km2 for channels 1–7 and
channel 24 in the along- and across-track directions. In 1.9 s, SSMIS can measure 60 scenes
(i.e., FOVs) within a scan range of 143.2 degrees along a single scanline. Although later
than MSU and much later than AMSU-A, the F16 SSMIS is the first instrument employing
a conical scan geometry for temperature sounding [28].

Table 1. The LAS channel characteristics.

Channel Number 1 2 3 4 5 6 7 24

Frequency (GHz) 50.3 52.8 53.596 54.40 55.50 57.29 59.4 57.29
Peak WF (hPa) 1000 630 440 230 100 63 33 12

Bandwidth (MHz) 400 350 250 30.0
Sensitivity (K) 0.4 0.5 0.6 0.7

FOV Size ((km)2) 27 × 18 (along track × across track)
Sampling Interval 12.5 × 37.5 (along track × across track)

We obtained the F16 SSMIS data used in this study from the following website:
http://rain.atmos.colostate.edu/FCDR/data_access.html (accessed on 5 January 2022).
Figure 1 shows the local equator crossing time (LECT) variations of F16 from its launch
to 15 June 2021, the last day of available F16 SSMIS data (Figure 1). We found systematic
noise in TB observations of F16 SSMIS LAS channels since 25 April 2013. For example,
Figure 2 provides spatial distributions of TB observations at channels 1–7 and 24 over a
small portion of an ascending swath on 5 September 2017. A systematic curvy noise pattern

http://rain.atmos.colostate.edu/FCDR/data_access.html
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was seen in all TB observations of the LAS channels. The higher the channels’ WF peak
altitudes, the clearer the noise distributions because this part of the swath went over Hurri-
cane Irma, whose associated cloud and precipitation affected low-level TB observations
more than high-level channels. The dynamic range of TB observations for channels 4–7
and 24 (~4–5 K) are much smaller than those of channels 1–3 (~10–20 K) for the part shown
in Figure 2. To search for a possible law of the curvy noise scanning pattern of the conical
radiometer SSMIS, we indicated across-track distributions of 60 FOVs along several SSMIS
scanlines at an interval of 25 scanlines in Figure 2e and along-track distributions of FOVs at
an interval of 5 FOVs in Figure 2f. With this noise observation, we developed a method for
mitigating TB noise in the F16 SSMIS LAS channels.

Figure 1. Variations of LECT at the ascending (solid curve) and descending (dashed curve) nodes of
F16. Three time periods are also indicated: no available data (gray curve), high-quality data (green
curve, from 20 November 2005 to 25 April 2013, and noisy data (red curves, from 25 April 2013 to
15 June 2021) in LAS channels TB observations.

Figure 2. Cont.
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Figure 2. (a–h) TB observations of channels 1–7 and 24 on 5 September 2017. The across-track
distributions of 60 FOVs along several SSMIS scanlines at an interval of 25 scanlines in (e) and the
along-track distributions of FOVs at an interval of 5 FOVs in (f) are also shown. Hurricane Irma was
located around 17.0◦N, 59.7◦W.
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3. Method for Noise Mitigation

Using the two-dimensional (2D) discrete fast Fourier transform (FFT), we can express
the TB observations over a targeted portion of swath as follows:

yo
k,l =

M−1

∑
m=0

N−1

∑
n=0

Cm,nei(m 2πk
M +n 2πl

N ) (1)

where yo
i,k represents the TB observation at the ith FOV and the jth scanline (I = 1, 2, . . . ,

M, j = 1, 2, . . . , N); M is the total number of FOVs along a single scanline (M = 60); N is
the total number of scanlines (N ≈ 300); and Cm,n is the amplitude of the 2D wave with
wavenumbers m and n in the across- and along-track directions, respectively. The inverse
Fourier transform is defined as follows:

Cm,n =
1

MN

M−1

∑
k=0

N−1

∑
l=0

yo
k,le
−i(k 2πm

M +l 2πn
N ) (2)

The wavelength (λm) in the across-track direction is calculated from the wavenumber
(m) using the formula λm = M−1

m × ∆xacross−track, where ∆xacross−track is equal to the across-
track sampling interval of 37.5 km. Similarly, the wavelength (λn) in the along-track direc-
tion is calculated from the wavenumber (n) using the formula λn = N−1

m × ∆yalong−track,
where ∆yalong−track is equal to the along-track sampling interval of 12.5 km.

In general, the TB amplitude decreases rapidly with the increasing wavenumber. If
there is a sudden increase in amplitude within a range of wavenumbers (∆m)noise, we can
remove these wave components by setting the amplitude Cm,n to zero when m ∈ (∆m)noise
for all n. The reconstructed TB field is obtained by the inverse FFT:

ỹo
k,l =

M−1

∑
m=0

N−1

∑
n=0

C̃m,nei(m 2πk
M +n 2πl

N ) (3)

C̃m,n =

{
Cm,n if m /∈ (∆m)noise
0, if m ∈ (∆m)noise

(4)

The data noise is defined as yo
k,l− ỹo

k,l . The above procedure to generate noise-mitigated
TB observations (ỹo

k,l) is applied to LAS channels 5–7 and 24.
In the presence of heavy precipitation, TB observations have outliers of an abnormally

small value. Some of these low TB values sneak into extracted noise. We conducted an
extra step to avoid the impacts of heavy precipitation-induced TB outliers of abnormally
small value on noise mitigation. Specifically, we used an Empirical Mode Decomposition
(EMD) developed by Huang et al. [29] to extract the high-frequency random noise from
TB observations along a scanline. The highest frequency across-track variation, called the
first intrinsic mode function (IMF), is extracted from TB observations and obtained by
identifying all the local maxima and minima of yo

k,l (k = 1, 2, . . . , M). All the local maxima
are then connected with a cubic spline as the upper envelope, and all the local minima are
connected with a cubic spline as the lower envelope. The upper and lower envelopes are
finally averaged to obtain the local mean, denoted as a1,1(j). The 1st IMF of yo

k,l (k = 1, 2,
. . . , M) is defined as:

C(1)
k,l = yo

k,l − a1,l(j) (5)

Set
ŷo

k,l = yo
k,l − C(1)

k,l (6)

If at some FOVs ({ki}), values of the first IMF are greater than 1.7 times the bi-weight
standard deviation, these FOVs are subtracted from TB observations:

ŷo
k,l =

{
yo

k,l , if k /∈ {ki}
yo

k,l − C(1)
k,l , if k ∈ {ki}

(7)
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A 2D spectral analysis is conducted for the field of ŷo
k,l . The values subtracted on the

right-hand-side of (6) are added back to the noise-mitigated TB field:

˜̃yo
k,l =

{
ỹo

k,l , if k /∈ {ki}
ỹo

k,l + C(1)
k,l , if k ∈ {ki}

(8)

The above procedure is used to generate noise-mitigated TB observations (˜̃yo
k,l) for

LAS channels 1–4. Data noise is defined as yo
k,l − ˜̃yo

k,l .

4. Results Characterizing a Systematic Noise in F16 SSMIS LAS TB Observations

Two sequential SSMIS swaths are provided in Figure 3, which shows TB observations
from channel 5 on 5 September 2017. The observation times for the swath whose edges
are indicated by solid black curves were from 1915 to 2057 UTC; those for the other swath
with edges indicated by black dashed curves are from 2057 to 2238 UTC. There are orbital
gaps in low latitudes. The global TB observations vary more than 20 K, characterized by
a significant latitudinal distribution. The TBs near the south pole are below 206 K, and
those near the north pole are above 226 K. The TBs near the equator are around 214 K. It is
difficult to see any noise structures in Figure 3 with more than a 20 K range of TB variations
and 7 K color interval.

Figure 3. TB observations at channel 5 over two sequential swaths on 5 September 2017. One swath
had its observation times from 1915 to 2057 UTC (edges indicated by a black solid curve) and the
other swath from 2057 to 2238 UTC (edges indicated by a black dash curve). Three areas with
300 scanlines (black boxes) are also indicated: area A is at the ascending node over the western
Northern Hemisphere, area B is at the descending node over the eastern Northern Hemisphere, and
area C is at the ascending node over the western Southern Hemisphere.

We arbitrarily chose the following three areas of the first swath in Figure 3 for a more
detailed analysis. Areas A and C are two portions at the ascending node over the western
Northern and Southern Hemispheres, respectively. Area B is at the descending node over
the eastern Northern Hemisphere. All three areas contain 300 scanlines. The dynamic
range of channel 5 TB observations over the three local areas A, B, and C is reduced to
about 5–10 K (Figure 4), and a systematic noise pattern of a curvy shape becomes visible
in the distributions of TB observations. A 2D spectral analysis described in Section 3
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was conducted for TB observations in these three areas. Variations of 2D amplitude with
respect to wavenumbers in cross- and along-track directions are presented in two ways to
provide a qualitative and quantitative look at all waves in Figures 5 and 6, respectively. The
amplitudes and cross-track wavenumbers shown as the color shading and y-axis in Figure 5
are simply switched to the y-axis and curves in Figure 6. In Figure 6, amplitude variations
with the along-track wavenumber are represented by a spaghetti map for all 1–150 cross-
track wavenumbers in each area. A common spectral feature among TB observations
over the three areas is that the amplitudes are the largest near-zero wavenumbers and
decrease rapidly with wavenumbers in both across- and along-track directions. However,
we also noticed amplitudes at some fixed across-track wavenumbers being higher than their
neighboring wavenumbers, which may represent noise signals seen in the left panels of
Figure 4. The exact across-track wavenumbers of these large-amplitude bands are different
among these three areas.

Figure 4. Cont.
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Figure 4. TB observations of channel 5 on 5 September 2017 before (left panels) and after noise
reduction (right panels) in areas A (top panels), B (middle panels), and C (bottom panels).

Figure 5. Variations of amplitude with respect to wavenumbers in cross- and along-track directions
in areas (a) A, (b) B, and (c) C.
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Figure 6. Cont.
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Figure 6. Variations of amplitudes with respect to the along-track wavenumbers for the cross-track
wavenumbers 1–13 (color curves) and 14–150 (gray curves) over (a) area A, (b) area B, and (c) area C.

The detected noise, defined as the difference between the original and reconstructed TB
observations, is shown in Figure 7. The curvy noise-looking pattern in the TB observations
of channel 5 (left panels in Figure 4) resembles the noise detected in Figure 7 and disappears
in the spatial distribution of TB observations of channel 5 over areas A, B, and C after the
noise mitigation (right panels in Figure 4).

The regional dependence of data noise on across-track wavenumbers is further con-
firmed in Figure 8, which shows the along-track variations of 2D amplitude with respect
to the cross-track wavenumber for TB observations over the two swaths in Figure 3. The
across-track wavenumbers of larger amplitudes vary along both swaths compared with
those of larger and smaller neighboring wavenumbers. We also found that variations of
the across-track wavenumbers of data noise with respect to the observing latitude were
the same for the two swaths. In other words, the F16 SSMIS LAS channels’ data noise
depends on the latitude of the F16 orbit. Bell et al. [28] reported that solar intrusions into
the warm calibration load affect the calibration accuracy for different parts of the orbit,
and the thermal cycling of an orbit may also result in a modulation of the measured TB
observations by the main reflector emission. The exact root cause for this noise pattern
requires further investigation and is beyond the scope of this study.

Being sensitive to the atmosphere in the lower altitudes of the middle and lower
troposphere than other LAS channels in the upper troposphere and stratosphere, TB
observations of LAS channels 1–4 were more strongly affected by cloud and precipitation.
Figure 9 provides an example of channel-3 noise extracted by the same method as channel
5 (yo

k,l − ỹo
k,l , Figure 9a). The noise was extracted by adding a step to avoid the impacts of

heavy precipitation-induced TB outliers of abnormally small value on the 2D spectrum
(yo

k,l − ˜̃yo
k,l , Figure 9b), and the reconstructed channel-3 TB observations (i.e., ˜̃yo

k,l) at the
ascending node on 5 September 2017 (Figure 9c). The noise extracted by the same method as
channel 5 (Figure 9a) was not homogeneously distributed in space, with large magnitudes
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in places of abnormally low TB observations. After adding a step to avoid the impacts
of heavy precipitation-induced TB outliers, the noise extracted by the same method as
channel 5 (Figure 9b) was homogeneously distributed in space and resembled those of the
upper-level channel 5 (right panels in Figure 4).

Figure 7. The noise extracted from TB observations of channel 5 on 5 September 2017 in areas (a) A,
(b) B, and (c) C.
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Figure 8. Variations of the amplitude averaged over along-track wavenumbers 1–150 with respect to
the cross-track wavenumber for TB observations over the two swaths shown in Figure 3: (a) the swath
with its observation times from 1915 to 2057 UTC (black-curved edges) and (b) the other swath whose
observation times were from 2057 to 2238 UTC (dash-curved edges). The 2D FFT with 300 scanlines
each time is carried sequentially with an overlap of 50 scanlines between two neighboring portions of
the 2D Fourier analysis domain.

Figure 9. (a) Channel 3 noise at the ascending node on 5 September 2017 extracted by the same method
as channel 5. (b) Same as (a) except for adding a step to avoid the impact of heavy precipitation-
induced TB outliers of abnormally small value on noise mitigation. (c) The reconstructed channel
3 TB observations.
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Figure 10 provides the spatial distribution of TB observations after noise reduction for
the LAS channels 1–4, 6–7, and 24 over the same swath portion as Figure 2. The systematic
curvy noise pattern seen in Figure 2 was successfully removed. What remains to be seen in
TB observations besides weather signals are random errors, which are 0.4, 0.5, 0.6, and 0.7
for channels 4, 6, 7, and 24 (see Table 1). The noise detected for channels 1–4, 6–7, and 24
(Figure 11) have a curvy pattern, as seen in TB observations (Figure 2).

Figure 10. TB observations after noise reduction for channels 1, 2, 4, 6–7, and 24 on 5 September 2017.
Hurricane Irma was located around 17.0◦N, 59.7◦W.
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Figure 11. Detected noise at channels 1, 2, 4, 6–7, and 24.

5. Hurricane Structures Directly Revealed by SSMIS LAS Channels

Hurricanes are characterized by structured bands of cloud and precipitation. Due to
the scattering effect by ice particles, TB observations in hurricane rainbands are colder than
their surroundings. Therefore, a horizontal TB distribution can reveal hurricane rainband
structures. We chose Hurricane Irma (2017) to illustrate TB observations from SSMIS LAS
channels’ capability to capture its structures.

Irma was the most intense hurricane to strike the United States since Katrina in 2005.
It originated at low latitudes in the deep tropics on 30 August 2017 and rapidly intensified
shortly after its formation. Irma fluctuated between hurricane categories 2 (H2) and 3
(H3) (Saffir–Simpson scale) from 1800 UTC on 31 August to 1800 UTC on 4 September
2017 while experiencing a series of eyewall replacement cycles and reaching category 5
at 1200 UTC 5 September 2017. After its first landfall in Cuba on 9 September 2017 as a
category-5 hurricane, Irma made its second and third landfalls in Florida’s Cudjoe Key and
Marco Island at H4 and H5 intensities, respectively. It caused widespread and catastrophic
property damage and many deaths.

Figure 12a shows the SSMIS TB observations at LAS channel 3 for Hurricanes Irma and
Jose; the latter appeared simultaneously with Irma over the Atlantic Ocean in September
2017. Since the detected noise of channel 3 is <0.5K (Figure 13b), the TB observations after
the noise deduction look the same as Figure 13a, whose color interval is 0.5 K. At 0721 UTC
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on 8 September, Irma reached H4 intensity and Jose, the hurricane located to the southeast
of Irma, was H3. At 0000 UTC on 8 September, the maximum sustained wind speed was
161 and 121 mph for Irma and Jose, respectively. The radius of 34-kt wind speed was 296
and 222 km for Irma and Jose, respectively. In Figure 13, the west swath captured the
structures of Hurricane Irma, and the east swath revealed Hurricane Jose’s structure. A
relatively large orbital gap exists between the two swaths. The hurricane eye is identifiable
for both Irma and Jose. The observed TB values in the circularly distributed convective
rainband regions are more than 6 K lower than those in their eyes, clear streaks between
rainbands, and environments. The eye and rainband range of Irma are larger than those
of Jose, with a fixed FOV size of 27 × 18 km2 at a fixed interval between the neighboring
FOVs of 12.5 × 37.5 km2 (see Table 1). Such hurricane structures cannot be seen directly
from TB observations of cross-track temperature sounders due to variations in their FOV
size, spacing between two neighboring FOVs, and WF peak altitude along a scanline.
Considering AMSU-A as an example, the altitude where the atmosphere contributes the
most to an observed TB also increases with scan angle in the troposphere. Spacing between
neighboring FOVs also increases with scan angle, and the across-track diameter of an FOV
is 48 and 155 km at the nadir and swath edge, respectively [30]. Even the smallest AMSU-A
FOV at the nadir is much coarser than the SSMIS FOV.

Figure 12. (a) TB observations and (b) the detected noise at channel 3 from 0721 UTC to 0910 UTC 8
on September 2017 after noise mitigation. Hurricane Irma, located at (21.6◦N, 73.9◦W), had a category
H4 intensity, and Hurricane Jose, located at (15.9◦N, 55.3◦W), had a category H3 intensity.
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Figure 13. Cross-track cross-sections of TB anomalies at channels 1–6 along the scanline passing
through the center (21.6◦N, 73.9◦W) of Hurricane Irma at 0906 UTC (left panels) and the center
(15.9◦N, 55.3◦W) of Hurricane Jose at 0727 UTC (right panels) on 8 September 2017 (a,b) before and
(c,d) after noise mitigation. The hurricane center position is indicated by a hurricane symbol at the
bottom of each figure panel.

LAS channels were designed for vertically profiling the atmosphere and can be used to
examine the vertical structures of hurricanes. Figure 13 provides vertical cross-sections of
TB observations for channels 1–6 along the scanline passing through the center of Hurricane
Irma located at (21.6◦N, 73.9◦W), and along the scanline passing through the center of
Hurricane Jose at (15.9◦N, 55.3◦W). The mean environmental temperature within a latitude–
longitude geographic box centered at the same latitude of the hurricane center but away
by 1000 km was subtracted to see the warm-core structure more clearly. An unrealistic
wave-like structure at a scale of about 112 km is seen in TB observations above 200 hPa
without removing detected noise (Figure 13a,b). The proposed noise detection algorithm
successfully removed this noise (Figure 13c,d). The warm-core maxima of both Irma and
Jose are located at about 250 hPa. The Irma warm-core TB is more than 7 K, which is 4 K
warmer than Jose. The warm core of Irma went to the ocean surface and extended to 70 hPa,
while Jose was confined from 400 to 100 hPa. Significant scattering by precipitation size
ice particles was confined below 400 and 500 hPa for Irma and Jose, respectively. Similar
cross-sections of TB observations capable of revealing the vertical structures of a hurricane
can be determined along any line passing through the hurricane center from the SSMIS
LAS observations. However, cross-sections from AMSU-A sounding channel observations
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can only be determined along a line with a fixed FOV passing through the hurricane
center, mainly from south to north directions, slightly tilted westward and eastward for the
ascending and descending node, respectively.

As Hurricane Irma moved along its best track and the intensity changed (see Figure 14a),
the vertical structure also changed, as indicated by TB observations at Irma’s center from
30 August to 11 September 2017 (Figure 14b,c). The detected noise was less than 1.2 K
(Figure 14d). Here, the TB anomaly is defined as the TB observations subtracted by the
mean environmental temperature within a latitude–longitude geographic box centered at
the same latitude of the hurricane center but away by 1000 km. Irma’s warm core was
maximized at about 250 hPa. As Irma’s intensity increased from 31 August to 5 September
2017 (see Figure 1b in Tian and Zou [22]), the TB warm-core depth and intensity continually
increased from 5 September to 8 September, during which Irma was an H5 hurricane. We
noticed that the warm core extended to the surface around 0805 UTC on 5 September and
0910 UTC on 8 September due to Irma’s large clear eye, as shown in Figures 13 and 14 for
the 0910 UTC on 8 September. Such useful information is difficult to obtain by AMSU-A TB
observations or warm-core temperature retrieval due to the AMSU-A’s inability to resolve
hurricane eye adequately.

Figure 14. Cont.
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Figure 14. (a) The best track (black markers) of Hurricane Irma from 0000 UTC on 30 August to
0000 UTC on 12 September 2017. Different markers indicate intensity categories. The solid and hollow
markers indicate different days. Red markers indicate the SSMIS observation time. (b,c) Temporal
evolution of the vertical variations in SSMIS temperature anomalies at Irma’s center (b) before and
(c) after noise reduction from 1800 UTC on 30 August to 0000 UTC on 11 September 2017. (d) The
detected noise. The times when Hurricane Irma’s center was located within SSMIS swaths are
indicated by short red lines in (a) and black dashed vertical lines in (b–d).

6. Conclusions

The 20-year long-term satellite observations from F16 provide opportunities and
challenges for TC study. Using the conical scanning mode, the TB observations from the
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LAS channels can directly reveal useful information on TC location, intensity, size, and
rainband distribution. The challenge is that a systematic data noise appeared after 10 years
of F16 operation. We aimed to develop an appropriate method for removing the noise so
that the remaining 10 years of F16 SSMIS LAS channel observations can be used together
with the first 10 years of high-quality data.

Although it appeared complicated, we found a simple 2D FFT that shows promise for
the above-intended purpose. We implemented it to an SSMIS swath in a portion-by-portion
manner, where a portion consisted of 300 scanlines. An extra step was added to avoid
the impacts of heavy precipitation-induced TB outliers of abnormally small value in TB
observations of LAS channels 1–4 during the 2D FFT analysis. For each data portion,
the data noise appeared to have larger amplitudes at certain across-track wavenumbers
than neighboring wavenumbers (either smaller or larger), which does not vary with the
along-track wavenumbers. The across-track wavenumbers of data noise vary and depend
on the latitude of the F16 orbit. The magnitude of the noise varies between 0.5 and 2 K
depending on the channel number.

The TC features seen in TB observations for SSMIS LAS channels are illustrated for
Hurricanes Irma and Jose, along with the impacts of the data noise. We plan to first perform
an extensive validation of this technique, especially in the tropics, over a longer period and
then extend to all data periods with detected noise. Finally, we will use the 20 years of F16
SSMIS observations for a more substantial study on global TCs at both the synoptic and
climate scales.

Author Contributions: Conceptualization, H.D. and X.Z.; data curation, H.D.; formal analysis, H.D.
and X.Z.; funding acquisition, H.D.; investigation, H.D. and X.Z.; methodology, H.D. and X.Z.; project
administration, X.Z.; resources, X.Z.; writing—original draft, X.Z.; writing—review and editing, X.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Key R&D Program of China (2018YFC1506702).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mo, T. Prelaunch calibration of the advanced microwave sounding unit-A for NOAA-K. IEEE Trans. Microw. Theory Tech. 1996, 44,

1460–1469. [CrossRef]
2. Mo, T. Diurnal variation ofthe AMSU-A brightness temperatures over the Amazon rainforest. IEEE Trans. Geosci. Remote Sens.

2007, 45, 958–969. [CrossRef]
3. Kim, E.; Lyu, C.H.J.; Anderson, K.; Leslie, R.V.; Blackwell, W.J. S-NPP ATMS instrument prelaunch and on-orbit performance

evaluation. J. Geophys. Res. Atmos. 2004, 119, 5653–5670. [CrossRef]
4. Zou, X. Atmospheric Satellite Observations: Variation Assimilation and Quality Assurance, 1st ed.; Elsevier: London, UK, 2020;

pp. 210–211.
5. Derber, J.C.; Wu, W.S. The use of TOVS cloud-cleared radiances in the NCEP SSI analysis system. Mon. Weather Rev. 1998, 126,

2287–2299. [CrossRef]
6. Kelly, G.; Thépaut, J.N. Evaluation of the impact of the space component of the global observing system through observing

system experiments. ECMWF Newsl. 2007, 113, 16–28.
7. Andersson, E.; Pailleux, J.; Thépaut, J.N.; Eyre, J.R.; McNally, A.P.; Kelly, G.A.; Courtier, P. Use of cloud-cleared radiances in

three/four-dimensional variational data assimilation. Q. J. R. Meteorol. Soc. 1994, 120, 627–653. [CrossRef]
8. Xu, G.Q.; Chen, D.H.; Xue, J.S.; Sun, J.; Wang, S.Y. The program structure designing and optimizing tests of GRAPES physics.

Chin. Sci. Bull. 2008, 53, 3470–3476. [CrossRef]
9. Li, J.; Zou, X. Impact of FY-3A MWTS radiances on prediction in GRAPES with comparison of two quality control schemes. Front.

Earth Sci. 2014, 1, 251–263. [CrossRef]
10. Duan, Y.; Wan, Q.; Huang, J.; Zhao, K.; Chan, P.W. Landfalling Tropical Cyclone Research Project (LTCRP) in China. Bull. Am.

Meteorol. Soc. 2019, 100, ES447–ES472. [CrossRef]
11. Li, X.; Cheng, X.; Fei, J.; Huang, X.; Ding, J. The modulation effect of sea surface cooling on the eyewall replacement cycle in

Typhoon Trami (2018). Mon. Weather Rev. 2022, 150, 1417–1436. [CrossRef]
12. Liang, Z.; Ding, J.; Fei, J.; Cheng, X.; Huang, X. Direct/indirect effects of aerosols and their separate contributions to Typhoon

Lupit (2009): Eyewall versus peripheral rainbands. Sci. China Earth Sci. 2021, 64, 2113–2128. [CrossRef]
13. Ma, Z.; Fei, J. A comparison between moist and dry tropical cyclones: The low effectiveness of surface sensible heat flux in storm

intensification. J. Atmos. Sci. 2022, 79, 31–49. [CrossRef]

http://doi.org/10.1109/22.536029
http://doi.org/10.1109/TGRS.2006.890417
http://doi.org/10.1002/2013JD020483
http://doi.org/10.1175/1520-0493(1998)126&lt;2287:TUOTCC&gt;2.0.CO;2
http://doi.org/10.1002/qj.49712051707
http://doi.org/10.1007/s11434-008-0418-y
http://doi.org/10.1007/s11707-014-0405-3
http://doi.org/10.1175/BAMS-D-18-0241.1
http://doi.org/10.1175/MWR-D-21-0177.1
http://doi.org/10.1007/s11430-020-9816-7
http://doi.org/10.1175/JAS-D-21-0014.1


Remote Sens. 2022, 14, 3171 21 of 21

14. Amerault, C.; Zou, X. Preliminary steps in assimilating SSM/I brightness temperatures in a hurricane prediction scheme. J. Atmos.
Ocean. Technol. 2003, 20, 1154–1169. [CrossRef]

15. Amerault, C.; Zou, X. Comparison of observed and model-simulated microwave radiance in hurricane environment and estimate
of background error covariances for hydrometeor variables. Mon. Weather Rev. 2006, 134, 745–758. [CrossRef]

16. Amerault, C.; Zou, X.; Doyle, J. Test of an adjoint mesoscale model with explicit moist physics. Part I: Idealized tests on the cloud
scales. Mon. Weather Rev. 2008, 136, 2120–2132. [CrossRef]

17. Amerault, C.; Zou, X.; Doyle, J. Assimilation of rain-affected radiances with adjoint of an explicit moist physics. J. Appl. Remote
Sens. 2009, 3, 033531. [CrossRef]

18. Demuth, J.L.; DeMaria, M.; Knaff, J.A.; Vonder Haar, T.H. Evaluation of advanced microwave sounding unit tropical-cyclone
intensity and size estimation algorithms. J. Appl. Meteorol. Climatol. 2004, 43, 282–296. [CrossRef]

19. Demuth, J.L.; DeMaria, M.; Knaff, J.A. Improvement of advanced microwave sounding unit tropical cyclone intensity and size
estimation algorithms. J. Appl. Meteorol. Climatol. 2006, 45, 1573–1581. [CrossRef]

20. Knaff, J.A.; Seseske, S.A.; DeMaria, M.; Demuth, J.L. On the influences of vertical wind shear on symmetric tropical cyclone
structure derived from AMSU. Mon. Weather Rev. 2004, 132, 2503–2510. [CrossRef]

21. Tian, X.; Zou, X. ATMS- and AMSU-A-derived hurricane warm core structures using a modified retrieval algorithm. J. Geophys.
Res. Atmos. 2016, 121, 12630–12646. [CrossRef]

22. Zou, X.; Tian, X. Hurricane Warm-Core Retrievals from AMSU-A and Remapped ATMS Measurements with Rain Contamination
Eliminated. J. Geophys. Res. Atmos. 2018, 123, 10815–10829. [CrossRef]

23. Tian, X.; Zou, X. A comprehensive 4D-Var vortex initialization using a nonhydrostatic axisymmetric TC model with convection
accounted for. Tellus A Dyn. Meteorol. Oceanogr. 2019, 71, 1653138. [CrossRef]

24. Hu, Y.; Zou, X. Comparison of Tropical Cyclone Center Positions Determined from Satellite Observations at Infrared and
Microwave Frequencies. J. Atmos. Ocean. Technol. 2020, 37, 2101–2115. [CrossRef]

25. Hu, Y.; Zou, X. Tropical Cyclone Center Positioning Using Single Channel Microwave Satellite Observations of Brightness
Temperature. Remote Sens. 2021, 13, 2466. [CrossRef]

26. Northrop Grumman Corporation. Algorithm and Data User Manual for the Special Sensor Microwave Imager/Sounder (SSMIS).
2012. Available online: http://rain.atmos.colostate.edu/FCDR/Archive_Docs/SSMIS_general/ADUM_AppA_Beam_Location.
pdf (accessed on 12 October 2021).

27. Berg, W. Climate Algorithm Theoretical Basis Document (C-ATBD) Fundamental Climate Data Record (FCDR) for the Special
Sensor Microwave Imager/Sounder (SSMIS). 2013. Available online: https://www.ncdc.noaa.gov/sites/default/files/cdr-
documentation/CDRP_ATBD_01B-17_492.pdf (accessed on 12 September 2021).

28. Bell, W.; Candy, B.; Atkinson, N.; Hilton, F.; Baker, N.; Swadley, S.D.; Campbell, W.F.; Bormann, N.; Kelly, G.; Kazumori, M. The
Assimilation of SSMIS Radiances in Numerical Weather Prediction Models. IEEE Trans. Geosci. Remote Sens. 2008, 46, 884–900.
[CrossRef]

29. Huang, N.E.; Shen, Z.; Long, R.S.; Wu, M.C.; Shih, H.H.; Zheng, Q.; Yen, N.; Tung, C.; Liu, H.H. The empirical mode decomposition
and the Hilbert spectrum for nonlinear and non-stationary time series analysis. Proc. R. Soc. Lond. 1998, 454, 903–995. [CrossRef]

30. Qin, Z.; Zou, X.; Weng, F. Comparison between linear and nonlinear trends in NOAA-15 AMSU-A brightness temperatures
during 1998–2010. Clim. Dyn. 2012, 39, 1763–1779. [CrossRef]

http://doi.org/10.1175/1520-0426(2003)020&lt;1154:PSIAIB&gt;2.0.CO;2
http://doi.org/10.1175/MWR3073.1
http://doi.org/10.1175/2007MWR2259.1
http://doi.org/10.1117/1.3153332
http://doi.org/10.1175/1520-0450(2004)043&lt;0282:EOAMSU&gt;2.0.CO;2
http://doi.org/10.1175/JAM2429.1
http://doi.org/10.1175/1520-0493(2004)132&lt;2503:OTIOVW&gt;2.0.CO;2
http://doi.org/10.1002/2016JD025042
http://doi.org/10.1029/2018JD028934
http://doi.org/10.1080/16000870.2019.1653138
http://doi.org/10.1175/JTECH-D-20-0049.1
http://doi.org/10.3390/rs13132466
http://rain.atmos.colostate.edu/FCDR/Archive_Docs/SSMIS_general/ADUM_AppA_Beam_Location.pdf
http://rain.atmos.colostate.edu/FCDR/Archive_Docs/SSMIS_general/ADUM_AppA_Beam_Location.pdf
https://www.ncdc.noaa.gov/sites/default/files/cdr-documentation/CDRP_ATBD_01B-17_492.pdf
https://www.ncdc.noaa.gov/sites/default/files/cdr-documentation/CDRP_ATBD_01B-17_492.pdf
http://doi.org/10.1109/TGRS.2008.917335
http://doi.org/10.1098/rspa.1998.0193
http://doi.org/10.1007/s00382-012-1296-1

	Introduction 
	Data Description 
	Method for Noise Mitigation 
	Results Characterizing a Systematic Noise in F16 SSMIS LAS TB Observations 
	Hurricane Structures Directly Revealed by SSMIS LAS Channels 
	Conclusions 
	References

