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Abstract Radio Frequency Interference (RFI) causes
severe contamination to passive and active microwave
sensing observations and corresponding retrieval products.
RFT signals should be detected and filtered before applying
the microwave data to retrieval and data assimilation. It is
difficult to detect RFI over land surfaces covered by snow
because of the scattering effect of snow surface. The
double principal component analysis (DPCA) method is
adopted in this study, and its ability in identifying RFI
signals in AMSR-E data over snow covered regions is
investigated. Results show that the DPCA method can
detect RFI signals effectively in spite of the impact of snow
scattering, and the detected RFI signals persistent over
time. Compared to other methods, such as PCA and
normalized PCA, DPCA is more robust and suitable for
operational application.

Keywords Radio Frequency Interference (RFI), AMSR-
E, double principal component analysis (DPCA)

1 Introduction

The Advanced Microwave Scanning Radiometer on the
Earth Observing System (AMSR-E) (Kawanishi et al.,
2003) on board the Aqua satellite (Parkinson et al., 2003)
was launched by the National Aeronautics and Space
Administration (NASA) on May 4, 2002. AMSR-E design
was modified from that of AMSR (Imaoka et al., 2002),
which flew with the Japanese ADEOS-II. AMSR-E
receives the microwave emissions from the Earth’s surface
and atmosphere. Due to its advantage of all-day observa-
tion, penetrability, and all-weather coverage, AMSR-E
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measurements have been widely used in the research of
global environmental change.

From the AMSR-E measurements, we can retrieve the
surface wind speed, atmospheric total cloud liquid water
content, water vapor, precipitation, soil moisture, vegeta-
tion parameter, surface temperature, and snow cover, etc.
(Njoku and Li, 1999; Njoku et al., 2000, 2003; Owe et al.,
2001; Kelly et al., 2003; Wilheit et al., 2003). The AMSR-
E data record is very important in climate change
monitoring and data assimilation in numerical weather
prediction, but man-made radiative signals are also
received by the microwave instrument and interfere with
the natural Earth’s thermal emission. This phenomenon,
satellite observations being mixed with signals from active
microwave transmitters, is referred to as Radio-Frequency
Interference (RFI). There are many possible sources of
RFI, including radar, air traffic control, cell phones, garage
door remote controls, GPS signals on highways, defense
tracking, vehicle speed detection for law enforcement, etc.
(Zhao et al., 2013).

Previous studies of AMSR-E and WindSat data show
that RFI signals over land often appear at low frequencies
such as C-band and X-band (Li et al., 2004; Njoku et al.,
2005; Ellingson and Johnson, 2006; McKague et al., 2010;
Wu and Weng, 2011; Lacava et al., 2013). In the United
States, RFI signals often appear at C-band. For Europe,
RFI occurs at X-band. For Japan, there are RFI signals at
both C-band and X-band. The presence of RFI signals will
reduce the scientific value of satellite measurements. For
instance, the AMSR-E 6.925 GHz channel has been
removed in the retrieval of soil moisture over land because
of the presence of RFI (Li et al., 2004). Therefore, it is of
great importance to identify the RFI signals and remove
them prior to applying the data to retrieval and data
assimilation.

To detect the RFI signals, many methods have been
used, such as the spectral difference method (Li et al.,
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2004), the mean/standard deviation method (Njoku et al.,
2005), and the Principal Component Analysis (PCA) (Li et
al., 2006). Zou et al. (2012) also introduced the normalized
PCA (NPCA) method to detect RFI in FY-3B MWRI
(MicroWave Radiation Imager) data over snow-covered
surfaces in winter. Zhao et al. (2013) developed a double
Principal Component Analysis (DPCA) method for RFI
identification in WindSat data over Greenland and
Antarctic where the RFI signals are distributed in coastal
areas with permanent frozen ice surfaces away from the
coast. However, how to identify RFI over the snow-
scattering surface is still an open issue. This study attempts
to apply the DPCA method to detect RFI signals over the
United States with snow cover during a snowstorm process
in winter. The paper is organized as follows. Section 2
provides a brief description of AMSR-E data. Section 3
introduces the DPCA method in detail. Numerical results
are presented in Section 4. Section 5 gives some
conclusions.

2 AMSR-E Data Description

AMSR-E is a passive-microwave radiometer system which
has twelve channels and six frequencies. It measures the
brightness temperatures at 6.925 GHz, 10.65 GHz, 18.7
GHz, 23.8 GHz, 36.5 GHz, and 89.0 GHz on horizontal
and vertical polarization (Parkinson et al., 2003). AMSR-E
is being flown in a sun-synchronous orbit at an altitude of
705 km with an observational swath width of 1,445 km.
The antenna of AMSR-E conically scans the earth at a
47.4° angle which corresponds to a local earth incidence
angle of 55°. This satellite spans the equator twice a day at
approximately 13:30 and 1:30 local solar time. The
parameters and characteristics of the radiometer are listed
in Table 1 (Njoku et al., 2005).

There are several levels of AMSR-E standard products.
The AMSR-E Lever-1A product contains scene counts
with radiometric and geometric information. Level-1B data
contains the brightness temperatures converted from
antenna temperature. The AMSR-E antenna gain patterns
are reconstructed at each channel to five footprints at the
resolutions of 56 km, 38 km, 21 km, 12km, and 5.4 km
(Ashcroft and Wentz, 2000). After calibration and re-
sampling, Level-2A brightness temperatures are produced
from Level-1B data by the Remote Sensing System (RSS).
The higher-resolution channels are resampled to corre-
spond to the footprint sizes of the lower-resolution
channels. This ensures that the observations at different
frequencies describe identical locations. The resulting
brightness temperatures are called effective observations in
contrast to the original or actual observations. The
calibrated Level-2A brightness temperatures can be used
as the basis for the higher-level geophysical processing of

Level-2B and Level-3 data products (Shibata et al., 2003).
In this study, Level-2A AMSR-E brightness temperatures
from October 2010 to July 2011 are used and are binned
onto a 1/3 degrees by 1/3 degrees latitudinal and
longitudinal grid over the United States. Here, 1/3 degrees
spatial resolution is selected subjectively. The Level-2A
data can also be binned onto other different resolutions,
and the results show that the spatial resolution of the grid
hardly affects the distribution of detected RFI (figure
omitted).

3 DPCA method

RFT signals are often directional and narrow-banded, being
isolated in space and persistent in time. Different from RFI
signals, the radiation from earth’s surface is smooth and
ultra-wideband. The multi-channel correlations of radia-
tion data from natural radiation are usually high, but RFI at
the low frequency can reduce the channel-by-channel
correlation.

The double principal component analysis method
(DPCA) developed by Zhao et al. (2013) has been used
to identify RFI in the WindSat data over Greenland and
Antarctic. This method takes advantage of the de-
correlation for RFI signals and the correlation character-
istics of radiation data in different channels for natural
surfaces including snow cover.

The DPCA method consists of two steps: In the first
step, we chose the AMSR-E brightness temperatures at ten
low frequency channels (except 89.0 GHz) to make a ten-
component vector in each grid (1/3 degrees latitudinal and
longitudinal resolution).

The vector is defined as

=i
I

where N is the total number of data points over the research
region. 6.925, 10.65, 18.7, 23.8, and 36.5 refer to the
frequency of channels. H is horizontal polarization, and V
is vertical polarization.

The data matrix for PCA of I_;i is defined as
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Table 1 AMSR-E instrument characteristics
Characteristics 6.9H/V 10.7H/V 18.7H/V 23.8H/V 36.5H/V 89.0H/V
Center frequency/GHz 6.925 10.65 18.7 23.8 36.5 89.0
Bandwidth/MHz 350 100 200 400 1,000 3,000
Sensitivity/K 0.3 0.6 0.6 0.6 0.6 1.1
IFOV/km 75x43 51x29 27x16 32x18 14x8 6x4
Sample spacing/km 10x10 10x10 10x10 10x10 10x10 6x4
Integration time/ms 2.5 2.5 2.5 2.5 2.5 1.2
Main-beam efficiency/% 95.1 94.8 95.8 94.8 93.9 94.0
Beam width/deg 22 1.5 0.8 0.92 0.42 0.19
Antenna diameter/m 1.6
Scan period/s 1.5
Antenna offset angle/(°) 47.5
Earth-incidence angle/(°) 55
Orbit altitude/km 705
Swath width/km 1,445
Orbit type Sun-synchronous, 98.2° inclination, 13:30 equator crossing
Orbit period/min 98.8
Sub-spacecraft velocity/(km-s ") 6.76
TBgon1 TBeono TBg ou.n applied to the residual data matrix 4. Using the method
TBeow: TBeoya TBeoyn propgsqd by Zou et al. (201.2), the vector f)f normalized
Aoy = o o o Q) RFI indices of 4, can be written as follows:
- - - TBgou—TB1o.71
36.5V,1 36.5V,2 36.5V,N TB18.7H - T323.8H
. —
Then the data matrix 4 can be decomposed as R% o= | By TBrgy o
‘. 0. TBys s — TB365n
A=A,+A4, = e;u; + e;u;. 3) TBys v — TBse sy
i=1 i=o+1 . .

The determination of integer parameter « of this research
will be given later. As the PC modes are listed in the order
of decreasing eigenvalue magnitude, the data matrix A4,
expresses the main characteristics of brightness tempera-
tures. The matrix A,, which is the sum of the brightness
temperatures of PC modes from (a + 1)™ to 10", can be
defined as the residual data matrix. Therefore, A4,
represents strong multichannel correlation component
and the uncorrelated component with RFI signals are
contained in the residual matrix 4,. By choosing a suitable
value of a, RFI signals become the main part of 4,.

During the second step of DPCA, another PCA is
|

(TB6.9H - TBIO.7H)1

(TB1s.71—TBa3 sn)
BS><N =

(TBB.SV - TB36.5V)1

(TB6.9H - TBIO.7H)2
(TBIS.7H - TB23.8H)2

(TB23.8V - TB36.5V)2

This equation is used to identify RFI at 6.925 GHz
horizontal polarization. And the RFI indices for 6.925 GHz
vertical polarization can be written as

TBG.9V - TB]0.7V
TBIS.7H - TB23.8H
TBy37v —TBas v
TB23.8H - TB36.5H
TB23,8V - TB36.5V

—
Ay _
indices

®)

Ay

The data matrix from R},

in Eq. (4) is defined as

(TB6.9H - TBlO.7H)N

(TB1s.7m—TBassn)n
. (6)

(TB23.8V - TB36.5V)N
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Similar to the first step, we can get those eigenvalues and
corresponding eigenvectors of the data matrix Bs, y which
can be reconstructed from the five PC modes,

5
Br=EU=Y e, (7)
i=1

where @; = [u; 1,u;5,....,u; ] is i PC coefficient. The first
PC mode has the maximum variance. In normal conditions,
brightness temperatures increase with the frequency. The
existence of RFI signals at 6.925 GHz channels is the main
reason for a reversed spectral gradient (brightness
temperatures at 6.925 GHz higher than that at 10.7 GHz).
High values of &, indicate the presence of RFI. The higher
values of #; mean the greater probabilities of the presence
of RFI.

4 Numerical results

A snowstorm weather process from January 31 to February
2, 2011 was chosen for the RFI identification experiments.
This blizzard was located around the US and Canada on
Groundhog Day, so it was called the 2011 Groundhog Day
Blizzard. It brought cold air, heavy snowfall, blowing
snow, and mixed precipitation on a path from New Mexico
and northern Texas to New England and Eastern Canada.
Many large cities were affected, such as St. Louis, Detroit,
New York, Boston, Dallas, and Houston. Figure 1 shows
the spatial distribution of the daily mean snow depth from
January 31 to February 3, 2011. The data were obtained
from the National Climatic Data Center of NOAA, which
were collected from the National Weather Service (NWS)
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Cooperative Observer stations and NWS First Order
stations.

Figure 2 presents the spatial distribution of AMSR-E
brightness temperatures at 6.925 GHz, 10.65 GHz, and
89.0 GHz on horizontal and vertical polarizations over the
United States on February 1, 2011. The brightness
temperatures of the north central and northeast regions
are lower than those of the south, southeast, and west
coastal areas. The locations of low brightness temperatures
are consistent with the positions of snow cover in Fig. 1. At
the 6.925 GHz channels, there are some visible “hot spots”
where brightness temperatures are higher than the
surrounding area. At the 89.0 GHz channels, the differ-
ences of brightness temperatures between snow covered
regions and the other regions are more obvious than other
channels, and there are sharp brightness temperature
gradients at the edge of snow cover.

The DPCA method is based on the fact that the natural
radiation from snow surfaces affects microwave measure-
ments at all channels while RFI only affects the
measurements at low frequencies. We use this method to
separate the scattering effect of snow surface and RFI
signals. According to section 3, brightness temperatures
are separated into high correlated part (4,) and the residual
part (4,) by the first step of DPCA. Table 2 lists the
variances and accumulated variances of the brightness
temperatures at 6.9-36.5 GHz over the United States on
February 1, 2011. The first PC mode contributes more than
99.8% of the total data variances, and the first 4 PC modes
embody the vast majority of data information (accumu-
lated variance more than 99.99%).

The spatial distributions of the 4, and A4, for 6.925 GHz
horizontal and vertical polarizations are given in Fig. 3.
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Fig. 1 Daily mean snow depth (unit: inch) from NWS stations observations during the blizzard from January 31 to February 3, 2011.
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Fig. 2 Brightness temperatures at 6.925 GHz (top panels), 10.65 GHz (middle panels), and 89.0 GHz (bottom panels) on horizontal (left
panels) and vertical (right panels) polarizations over the U.S. on February 1, 2011.

Table 2 Percentages of explained variances and accumulative
variances for the first nine principle component (PC) modes of the
brightness temperatures over the United States on February 1, 2011

PC mode Percentage of explained Percentage of accumulative
number variance/% variance/%

1 99.89111922 99.89111922
2 0.06613443 99.95725366
3 0.02539442 99.98264808
4 0.01101284 99.99366092
5 0.00425833 99.99791926
6 0.00134824 99.99926749
7 0.00047151 99.99973900
8 0.00013511 99.99987411
9 0.00007512 99.99994923
10 0.0000004546 0.9999999469

Here o is set to 2. In A, fields, the low brightness
temperatures caused by snow mainly appeared in the
middle and northeast area. The spatial distributions of
brightness temperatures at horizontal and vertical polariza-

tion are very similar, but the brightness temperatures of
horizontal polarization are lower than those of vertical
polarization. In the A, part, there are many small scale
features while the brightness temperatures in A; are much
smoother. Comparing these two parts, it is believed that the
“hot spots” caused by RFI (Li L et al., 2004) are separated
into the A4, fields.

The second step of the DPCA method was applied to the
A5 field. In order to show the impact of a, the variations of
the first PC coefficient with respect to o over some regions
are shown in Fig. 4. Earlier researches indicated that RFI is
usually located near large cities (Li et al., 2004; Njoku et
al., 2005; Wu and Weng, 2011), so five areas were chosen
near the following big cities: Boston, St Louis, Denver,
Dallas, and Los Angeles. Figure 4 shows the variation of
the first PC coefficients with respect to o from the second
step of DPCA in the five selected regions shown in Fig. 5
(a). As the larger value of the first PC coefficient suggests
the higher probability of the presence of RFI signals, the
value of a with the largest first PC coefficient should be
chosen. From Fig. 4, we found that the PC coefficient
increases significantly when a changes from 1 to 2, and the
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Fig. 3 Brightness temperatures of 6.925 GHz from 10 channels on horizontal (left panels) and vertical (right panels) polarizations
reconstructed 4, ((a) and (b)), A, ((c) and (d)) with =2 on February 1, 2011.

PC coefficient with a =2 is very close to & = 3. Because the
smaller a takes, the more brightness temperature (including
RFI signals) information is embodied in residual part A5.
So, choosing a =2 can ensure as much information of RFI
as possible will be separated.

Figure 5 shows the distributions of RFI signals at 6.925
GHz over the United States on February 1, 2011 when a is
set to 2. Here data points with larger values indicate the
presence of stronger RFI signals. The locations of 6.925
GHz RFT signals are almost the same for horizontal and
vertical polarizations. RFI for horizontal polarization is
stronger than that for vertical polarization.

The results from PCA, NPCA, and DPCA for AMSR-E
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The 1" PC coefficient/K

,15_

data on February 1, 2011 (with snow cover) and data
during April 1-30, 2011 (non-snow period) are compared
in Fig. 6. Both of the PCA and NPCA methods use the RFI
indices from the original brightness temperatures (Zou et
al., 2012) while DPCA uses the indices from the
reconstructed brightness temperatures. As the RFI signals
persist in time, the results of snow period and non-snow
period should be consistent. Figure 6 shows that the PCA
method cannot detect RFI over snow covered regions.
There is a large area of positive values in the high latitudes.
The NPCA method can identify RFI, but the detected RFI
signals are significantly weaker over snow covered
regions. The results from the DPCA method are very
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Fig. 4 Variation of the first PC coefficients with respect to a for RFI detection of 6.9 GHz horizontal (left panel) and vertical (right panel)

polarizations at all grid points in the boxes A (magenta), B (red),

C (purple), D (green), and E (blue) indicated in Fig. 5.
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consistent no matter whether there is snow cover or not. It
can be concluded that the DPCA method can avoid the
influence of snow scattering on identifying RFI signals in
AMSR-E data.

Figure 7 presents the RFI detected by DPCA from
January 31 to February 3, 2011, on each day of the blizzard
period. It can be found that the results are very similar.
Although snow coverage on each day is different (Fig. 1),
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the spatial distribution of RFI detected by the DPCA
method is very consistent.

The DPCA method was also applied to other different
seasons, and the results are shown in Fig. 8. January, April,
July, and October are chosen as typical months for each
season. From these figures, it can be found that the
distribution of RFI signals in different seasons are almost
the same, indicating RFI persist in time.
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5 Summary and conclusions

RFTI signals usually appear at the low frequency channels
of microwave radiometer. It is very important to detect RFI
before the contaminated data is used in retrievals or data
assimilation. When the RFI signals are located over a
surface covered by snow, it is difficult to identify them. In
this paper, the double principal component analysis
(DPCA) method is adopted to investigate the detection
of RFI over snow covered regions during a blizzard
weather process.

Taking advantage of the correlation of different channels
for natural and snow radiations, and the de-correlation
caused by RFI, DPCA can separate RFI signals from
weather signals clearly. Results show that the PCA method
cannot detect RFI over snow covered surfaces. The NPCA
method can identify RFI signals, but RFI is significantly
weaker with the presence of snow cover. The DPCA
method can avoid the influence of snow scattering. The
results from the DPCA method are very consistent no
matter whether there is snow or not. For different
distributions of snow cover, the RFI signals detected by
DPCA are almost the same. For different seasons, the
detection results are also consistent. Therefore, it can be
considered that the DPCA method is effective to identify
RFI signals in the areas covered by snow.

Since the selection of parameters is not completely
objective and automatic in this research, further study will
be needed. More tests on the feasibility of the DPCA
method in other conditions are also required.
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