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ABSTRACT

Thegeostationary satellite television (TV) signals that are broadcasted over various continents can be reflected

back to space when they reach ocean surfaces. If the reflected signals are intercepted by the antenna of the

microwave imager onboard polar-orbiting satellites, they aremixedwith the thermal emission from the earth and

result in direct contamination of the satellitemicrowave imagermeasurements. This contamination is referred to

as television frequency interference (TFI) and can result in erroneous retrievals of oceanic environmental pa-

rameters (e.g., sea surface temperature and sea surface wind speed) from microwave imager measurements. In

this study, a principal component analysis (PCA)-based method is applied for detecting the TFI signals over

oceans from the AdvancedMicrowave Scanning Radiometer for the EarthObserving System (AMSR-E)Aqua

satellite. It is found that the third principal component of the data matrix of the AMSR-E spectral difference

indices fromeachAMSR-E swath captures theTFI contamination. TheTFI-contaminated data on theAMSR-E

descending node at both 10.65- and 18.7-GHz frequencies can be separated from uncontaminated data over

oceanic areas near the coasts of Europe and the United States based on the intensity of the data projection onto

the third principal component (PC). Compared to the earliermethods, the proposed PCA-based algorithmworks

well on the observations without a priori information and is thus applicable for broader user applications.

1. Introduction

The Advanced Microwave Scanning Radiometer

(AMSR-E) is a conically scanning microwave imager on

board the Earth Observing System (EOS) Aqua satel-

lite. It was successfully launched into a polar orbit on

4May 2002 with an equator-crossing time (ECT) at 1330

(Kawanishi et al. 2003). The six low AMSR-E channels

have frequencies at 6.925 (C band), 10.65 (X band), and

18.7GHz (K band) with both horizontal and vertical

polarization, and they are mainly used for retrieving the

environmental parameters over oceans (Wilheit et al.

2003) and land (Njoku and Li 1999; Njoku et al. 2003;

Kelly et al. 2003). However, these low microwave fre-

quencies operate in unprotected frequency bands. It was

found that the C- and X-band AMSR-E measurements

from the earth’s natural thermal emission over land can

be interfered by the signals from lower-frequency active

microwave transmitters, including radar, air traffic con-

trol, cell phones, garage door remote controls,GPS signals

on highway, defense tracking, vehicle speed detection for

law enforcement, etc. (Zou et al. 2012; Zhao et al. 2013).

Also, the X- and K-band AMSR-E measurements of the

natural thermal emission over ocean could be interfered

by the geostationary satellite television (TV) signals re-

flected off the ocean surfaces. The study investigates the

television frequency interference (TFI) detection from

satellite microwave imager measurements over oceans.

The AMSR-E data are used for testing a new TFI de-

tection technique proposed in this study.

Atmicrowave frequencies, the ocean surface has a large

reflectance due to a high permittivity of seawater. The

microwave TV signals at the X and K bands broadcasted

from geostationary satellites (e.g., Astra, Hot Bird, At-

lantic Bird 4A, DirecTV-10/11, etc.) can be reflected off

the ocean surfaces. Therefore, satellite-measured passive

microwave thermal emission is mixed with the TV signals
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reflected off the ocean. A schematic illustration of an

oceanic TFI is provided in Fig. 1. With the expanding

demand for fixed-satellite service (FSS) technology, in-

creasing amounts of TFI are now affecting the oceanic

measurements from satellite passive microwave instru-

ments (Adams et al. 2010; Truesdale 2013). These TFI-

contaminated brightness temperaturemeasurements, if not

identified and excluded from the retrieval algorithms,

would introduce appreciable errors in the AMSR-E prod-

ucts, such as precipitable water (PW), sea surface wind

(SSW), sea surface temperature (SST), and cloud liquid

water (CLW) variables (Wentz andMeissner 2000). It is

therefore important to develop an effective algorithm to

detectTFI-contaminated data prior to carryingoutAMSR-

E product retrieval and data assimilation over ocean.

TFI detection over oceans is probably more challeng-

ing than that over land. The cloud and precipitation can

increase the thermal emission and therefore significantly

increase the brightness temperature at lower frequencies.

Such an increase in AMSR-E-measured brightness tem-

peratures could be of similar magnitude to an increase in

brightness temperatures introduced byTFI.Over land, the

surface emission is much stronger than that from clouds

and precipitation. The C-band and X-band frequency in-

terference can be more detectable without being much

affected by the clouds. It is important to develop a robust

technique for detecting the oceanic TFI signals while min-

imizing the ‘‘false’’ TFI signals associated with cloud and

precipitation signals.

There are two methods that were employed for iden-

tifying TFI signatures over oceans: a chi-square proba-

bility method and a regression method (Li et al. 2006).

In the chi-square probability algorithm, a TFI detection

method is developed using a time-averaged statistical

quantity of the retrieval products based on the fact that

the source of the oceanic TV signals are fixed in location

and time, while the weather signals associated with

clouds and precipitation are transient. The goodness of

fit (i.e., chi-square probability) is used for TFI detection.

The lower the goodness of fit is, the higher the proba-

bility of the presence of TFI is expected. In Li et al.

(2006), a regression model is first established to predict

TFI-free and clear-sky brightness temperatures at X

and K bands from the other WindSat channels. Differ-

ences between WindSat oceanic observations and the

regression-model-predicted brightness temperatures are

then used for oceanic TFI detection. The larger the dif-

ference, the stronger the TFI intensity is likely to be. The

chi-square method looks for geophysical locations where

TFI occurs. The regression technique requires TFI-free

and clear-sky data for detection.

In this study, a TFI detection algorithm is developed

and applied at the pixel level. It is computationally

efficient. The merits of the algorithm are as follows: (i) it

only uses the satellite observations and (ii) it can be

applied at the granule or orbit data level. There is no

need for training data, a priori determination of rain-

free and TFI-free data, and satellite retrieval products.

The paper is organized as follows: A brief description of

AMSR-E data characteristics is provided in section 2. A

new oceanic TFI detection algorithm is carefully de-

scribed in section 3. Numerical results illustrating the

performance of the proposed TFI detection algorithm

are presented in section 4. Summary and conclusions

are found in section 5.

2. AMSR-E data description

AMSR-E is one of the six instruments on board the

NationalAeronautics andSpaceAdministration (NASA)’s

Aqua satellite. TheAqua satellite was launched into a sun-

synchronous orbit at an altitude of 705 km with a swath

width of 1445 km (Kawanishi et al. 2003). The ECT of its

ascending node is 1330. AMSR-E is a 12-channel, six-

frequency, and total power passive microwave imager.

Its antenna scans the earth at a constant incidence angle

of 558, and its receiver measures both vertically and

horizontally polarized brightness temperatures at 6.925,

FIG. 1. Schematic illustration of TFI of AMSR-E Earth views

(red) with TV signals reflected off ocean surfaces (black dashed).

Satellite downlink beam coverage is shown in blue curves, which

are obtained from online (http://www.satsig.net/tooway/tooway-

ka-band-downlink-hotbird.gif). Numbers on the contours indicate

the strength of the TV signal expressed in decibel watt. Glint angle

is defined as the angle between the reflected ray vector and the

normal vector. Variable a is defined as the angle between the

satellite viewing vector and the reflected ray.
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10.65, 18.7, 23.8, 36.5, and 89.0GHz. The across-track and

along-track spatial resolutions of the individual ground

instantaneous field-of-view (IFOV) measurements in-

crease with frequency. They are 75 km 3 43 km at

6.925GHz, 51 km3 29 km at 10.65GHz, 27 km3 16 km

at 18.7GHz, 32 km 3 18 km at 23.8GHz, 14 km 3 8 km

at 36.5 GHz, and 6 km 3 4 km at 89.0 GHz. The

sampling interval is 5 km for the highest-frequency

channel (89.0GHz) and 10 km for all other channels.

AMSR-E inherited the Scanning Multichannel Mi-

crowave Radiometer (SMMR) on board the Nimbus-7

and Seasat satellites and had some channels in common

with the Special Sensor Microwave Imager (SSM/I) on

board the Defense Meteorological Satellite Program

FIG. 2. (a) Spectral differences between To
b,10h and To

b,18h, as well as (b) T
A1

b,10h2TA1

b,18h, (c) T
A2

b,10h2TA2

b,18h, (d) T
A3

b,10h2TA3

b,18h

(TFI signal intensity), (e) TA4

b,10h 2TA4

b,18h, and (f) TA5

b,10h 2TA5

b,18h found by the NPCA method on 16 Feb 2011.
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(DMSP) andAMSRonboard the secondAdvancedEarth

Observing Satellite (ADEOS II). It is worth mentioning

that the successor of AMSR-E is AMSR2, which is on

board theGlobal ChangeObservationMission 1st—Water

(GCOM-W1) satellite, which was launched on 18 May

2012. Themission ofAMSR2 is similar to that ofAMSR-E

with two additional channels at 7.3GHz, which is used

for improving the detection and elimination of frequency

interferences at 6.925GHz over land.

3. A normalized PCA (NPCA) method
for TFI detection

A new oceanic TFI detection algorithm is describe in

this section. First, brightness temperatures are normal-

ized to form a vector including all theAMSR-E channels,
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where i5 1, 2, . . . , N and N is the total number of data

points over a half orbit (about 2000 AMSR-E scan lines)

excluding data over land and sea ice; mi and si are the

mean and standard deviations of brightness tempera-

tures at all frequencies of the ith data point, respectively.

The level 1B (L1B) brightness temperature datasets are

used in this study. Since the number of pixels across an

AMSR-E scan line at 89GHz is more than twice the

pixels for the otherAMSR-E channels, every other pixel

of the 89.0-GHz B scans was included in this study to

match the pixels of the lower-frequency channels.

The normalized brightness temperature data are then

used to create the spectral difference vectors (also called

TFI indices) for the detection of TFI signals using the

principal component analysis (PCA) method. Since the

multichannel correlations of microwave data are often

high from natural radiations and low for TFI signatures,

the TFI indices are analyzed using the PCA technique,

which linearly transforms a set of correlated TFI indices

into amuch smaller set of uncorrelated principal component

(PC) modes, so that radio frequency interference (RFI)

signals can be effectively separated from natural radiations.

Specifically, the followingTFI indexvector is defined forTFI

detection at the 10.65-GHz horizontal polarization state:

r10h,i 5

0
BBBBBBBBB@

T
(n)
b,10h 2T

(n)
b,18h

T
(n)
b,18h 2T

(n)
b,23h

T
(n)
b,18y 2T

(n)
b,23y

T
(n)
b,23h 2T

(n)
b,36h

T
(n)
b,23y 2T

(n)
b,36y

1
CCCCCCCCCA

i

, i5 1, 2, . . . ,N . (2a)

The vector r10h,i consists of the spectral differences of

the 10.65-GHz horizontal polarization channels from its

neighboring channels (18.7GHz) at the same polarization

state (i.e., the first component in r10h,i), as well as the

spectral differences between twoneighboring channelswith

the same polarization states for the remaining frequencies

(i.e., the second to the fifth components). Similarly, TFI

indices for the 10.65-GHz vertical polarization channel

(r10y,i) and the 18.7-GHz horizontal (r18h,i) and vertical

(r18y,i) polarization channels are constructed as follows:
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FIG. 3. Five eigenvectors obtained for the same descending swath

as in Fig. 2.
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FIG. 4. (a) Spatial distribution of brightness temperatures of the 10.65-GHz horizontally

polarized channel on 16 Feb 2011 over ocean around Europe. (b) Brightness temperatures of

all AMSR-E channels at four arbitrarily chosen data points A (blue), B (red), C (green), and

D (orange) on 16 Feb 2011. Geographic locations of points A–D are indicated in Fig. 4a.
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A data matrix A53N is constructed from each of the

vectors r10h,i, r10y,i, r18h,i, and r18y,i(i5 1, 2, . . . , N).

Taking the 10.65-GHz horizontal polarization channel

as an example, A53N is defined as

A53N 5 ( r10h,1 r10h,2 . . . r10h,N ) . (3)

Second, a 53 5 covariance matrix R535 5AAT is then

constructed from A53N . The eigenvalues and eigenvec-

tors of the covariance matrix R are found by solving the

following equation:

Rei 5 liei, (i5 1, 2, . . . , 5) , (4)

FIG. 5. (left)Daily and (right) accumulative TFI intensitymaps at 10.65-GHz horizontal polarization from 5 to 12 Feb

2011 around Europe.
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where li is the ith eigenvalue and ei5 [e1, i, e2, i, . . .

e5, i]
T
is called the ith PC mode, i 5 1, 2, . . . , 5. The ith

eigenvalue li (i 5 1, 2, . . . , 5) quantifies the variance

contribution of the ith PC mode to the total variance of

data. The eigenvalues/eigenvectors are sorted by the

magnitude of the eigenvalue in decreasing order.

Expressing the eigenvalues and eigenvectors in the

following matrix form:

FIG. 5. (Continued)
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Eq. (4) can be equivalently written as

RE5EL or R5ELET . (6)

FIG. 6. Satellite glint angle distribution around Europe from the same time period as shown in Fig. 5.

2766 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 31



Since E is an orthogonal matrix, E21 5ET.

By projecting the data matrix A onto an orthogonal

space spanned by the eigenvectors e1 e2 . . . e5 , we

obtain the so-called PC coefficients

0
BBBB@

u1
u2

..

.

u5

1
CCCCA

5ETA , (7)

where ui 5 [ui,1 ui,2 . . . ui,N] is the PC coefficient for

the ith PC mode.

The data matrix A in Eq. (3) can be reconstructed

using PC coefficients and PC modes:

~A5 �
5

i51

eiui . (8)

The ith component ~Ai 5 eiui (i 5 1, 2, . . . , 5) in Eq. (8)

represents the data component that accounts for the ith

greatest variance.

Figure 2a shows the spatial distribution of AMSR-E

brightness temperature differences between 10.65 and

18.7GHz at a horizontal polarization state over a por-

tion of a descending swath on 16 February 2011. The

corresponding distributions of the five terms in the PC

decomposition [Eq. (8)] are provided in Figs. 3b–f. The

variances explained by the five vectors are 3.71 3 105,

2.783 104, 2.133 103, 107.6, and 67.6K2, respectively. It is

seen that the first two components, ~A1 and ~A2 (Figs. 2b,c),

count for most variances in observations and capture

major features of weather systems. The third component

(~A3) seems to capture RFI signals near the coastal areas

in the Mediterranean Sea, the Bay of Biscay, and the

North Sea (Fig. 2d). The fourth and fifth components are

more than an order of magnitude smaller than the sec-

ond and third components. The structures of the five

eigenvectors were obtained for the same descending

swath as in Fig. 3. It is seen that the third PC mode is

characterized by the largest first component and much

smaller values for the second to fifth components. Al-

though the first component of the first PC mode is only

slightly smaller than that of the third PC mode, the

second component of the first PC mode is greater than

the first component. This suggests that the first compo-

nent [e.g., T
(n)
b,10h 2T

(n)
n,18h for TFI detection at 10.65-GHz

horizontal polarization] in the TFI index vector domi-

nates the third PC mode. In other words, the TFI signals

shall only be present in the first component of the PCA

index vector by the definition of the proposed PCA de-

tection algorithm [i.e., Eq. (2)], and are captured by the

first row of matrix ~A3.

Based on the above-mentioned analysis, the first row

of matrix ~A3 is used to represent the TFI intensity vector

(p), that is,

~A3 5 e3u35 f(a3)ijg, p5

0
BBBBB@

(a3)11s1

(a3)1,2s2

..

.

(a3)1,NsN

1
CCCCCA
, (9)

where i51, 2, . . . , 196, j5 1, 2, . . . , N, and N ’ 2000 is

the number of scan lines in a half orbit of a descending

node. The ith component of the first row of ~A3 is multi-

plied by the standard deviation of the brightness tem-

peratures at all frequencies at the ith observation

location (si) to obtain the TFI intensity vector (p). The

unit of p is thus kelvins.

Since satellite radiances measured at 89.0GHz are

much more sensitive to ice scattering and have a much

FIG. 7. Monthly accumulated TFI intensity maps for AMSR-E

10.65-GHz channels at (a) horizontal and (b) vertical polarization

for all descending portions of AMSR-E orbits from 1 to 18 Feb

2011.
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smaller footprint size than those at lower frequencies,

the inclusion of the 89.0-GHz channels in the RFI de-

tection for 18.7 channels causes some noiselike patterns

in the TFI intensity results. To remove the ‘‘noise,’’

a two-dimensional five-point smoothing is further ap-

plied to the TFI intensity field at both the along-track

and across-track directions.

4. Numerical results

a. Detection of TFI at 10.65GHz over ocean

A spatial distribution of horizontally polarized

brightness temperatures at 10.65GHz on 16 February

2011 over the ocean around Europe is provided in

Fig. 4a. The measured brightness temperatures at this

channel vary from 80 to 170K. Warmer temperatures

are found in cloud and precipitation regions over the

Atlantic Ocean as well as near coastal areas in the Medi-

terranean Sea and the Bay of Biscay. To compare bright-

ness temperatures among various AMSR-E channels in

different locations, we select two pairs of data points:

points A and B located at the latitude 45.48N and points C

andD located at the latitude 39.28N. In general, brightness

temperatures increase with frequency, and the horizon-

tally polarized brightness temperatures are lower than

those at vertical polarization (Figs. 4b,c). However,

brightness temperatures at all frequencies at the clear-sky

data pointA located at 45.48N, 33.08Win themiddle of the

Atlantic ocean are consistently warmer than those at point

B except for the 10.65-GHz channels (Fig. 4b), indicating

a potential TFI at 10.65GHz at point B located at 45.48N,

2.18W. Brightness temperatures at all the AMSR-E fre-

quencies at the clear-sky data point C located at 39.28N,

34.38W in the middle of Atlantic Ocean are consistently

colder than those at point D located at 39.28N, 12.08W
except for the 89-GHz channels (Fig. 4c), indicating the

presence of cloud and precipitation at point D. The

cloud scattering has the largest impact on the two

highest AMSR-E frequency channels at 89.0GHz. The

scattering effects of cloud particles reduce the 89-GHz

brightness temperatures at both the vertical and hori-

zontal polarization channels. The impact of cloud on the

FIG. 8. (a),(b) Spectral differences betweenTo
b,18h andT

o
b,23h (K) over a portion of anAMSR-E swath, and (c),(d) total

precipitable water (kgm22) from ERA-Interim data on (left) 8 and (right) 24 Feb 2011.
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remaining AMSR-E channels is mainly due to emission.

Since the surface emissivity is lower over ocean, the

brightness temperatures in clear-sky conditions are lower

than those in cloudy conditions. In other words, the

presence of cloud increases the brightness tempera-

tures at the frequencies of 10.65 and 18.7GHz, which has

the same effect as the presence of TFI signals.

Figure 5 presents the daily and accumulative TFI in-

tensity maps at the 10.65-GHz horizontal polarization

channel from 5 to 12 February 2011 around western Eu-

rope. The exact geographical distribution of theAMSR-E

swath over western Europe varies daily. The geographical

areas of high TFI intensities shifting with respect to the

location within the AMSR-E scan suggest a fixed, di-

rectional source. The TFI signals are seen in the Bay of

Biscay and the North Sea on the east side of those

AMSR-E swaths west of 13.08E, the Mediterranean Sea,

the Adriatic Sea along the longitude 138E independent of

AMSR-E fields of view (FOVs), or on the west side of the

AMSR-E swaths east of 13.08E. The likely sources of

these TFI signals are broadcasting signals from European

geostationary TV satellites. The European FSS satellites

such as Hot Bird 6, 7A, or 8 operated by Eutelsat1F

(http://www.eutelsat.com/satellites/satellite-fleet.html)

transmit signals within the bands from 10.7 to 12.75GHz,

which are very close to AMSR-E channels at 10.65GHz.

The geostationary satellites identified as Hot Bird 6, 7A,

or 8 were positioned at 138E longitude to broadcast the

X-band signals toward European regions, which are re-

flected off the ocean surfaces and received together with

the earth’s passivemicrowave radiation byAMSR-E. The

TFI locations and strength are only found in the de-

scending pass ofAMSR-Ebecause the TV satellite signals

are in the forward-looking direction of AMSR-E. TFI

signals are quite persistent for every AMSR-E overpass

with similar observation geometry, eliminating any other

possibility, such as mobile sources or weather-system-

induced false alarms over the ocean.

As was illustrated in Fig. 1, a key variable reflecting a

possible TFI is the angle (a) between the satellite viewing

vector and the reflected TV signal ray (see Fig. 1). The

smaller the a, the larger the possibility for the reflected

TV signals to enter the AMSR-E antenna beams. The

closer the glint angle is from the satellite zenith angle,

the larger the possibility of RFI. The azimuth angle of

the reflected TV signal also impacts how much the re-

flected TV signals enter the AMSR-E antenna beam.

Figure 6 presents a series of spatial distributions of sat-

ellite glint angles on those AMSR-E orbital portions

presented in Fig. 5. It is seen that TFI signals (left panels

in Fig. 5) are found in the areaswhere satellite glint angles

are small (Fig. 6). However, strong TFI signals are not

found at the small satellite glint angles when the TV

signal (see Fig. 1) is weak. Thus, theAMSR-Edescending

overpasses during 5–6 February can cover the coastal

regions of the European continent (Fig. 5, top-right

panel), since the TFI affected areas on each individual

day aremuch smaller than those of multiple days (the last

panel in Fig. 5 for 5–12 February). In other words, there

are many RFI-free AMSR-E data over areas (e.g., the

Mediterranean Sea, the Bay of Biscay, and the North

Sea) where TFI could appear depending on theAMSR-E

observation geometry or swath location.

The monthly averaged TFI maps are also derived

within the 0.28 3 0.28 grid resolution for the AMSR-E

10.65-GHz channels from 1 to 18 February 2011 and are

shown in Fig. 7. With the PCA-based method, the false

alarms of the TFI signals are not found over the global

ocean, since the weather systems associated with high

surface wind, clouds, and precipitation are clearly sepa-

rated from the TFI signals.

b. Detection of TFI at 18.7GHz over ocean

There are three DirecTV satellites—DirecTV-10,

DirecTV-11, and DirecTV-12—that transmit the signals

FIG. 9. (a) Eigenvalues and (b) eigenvectors of the data matrices

for the TFI detection of 18.7-GHz horizontal polarization of the

two swaths in Fig. 8a (solid) and Fig. 8b (dotted).

DECEMBER 2014 ZOU ET AL . 2769

http://www.eutelsat.com/satellites/satellite-fleet.html


to the United States at the K band near the AMSR-E

18.7-GHz channels (Wiltshire et al. 2004; Wentz and

Meissner 2000). DirecTV-10 and DirecTV-12 are posi-

tioned at 1038W and DirecTV-11 at 998W above the

equator. All three satellites use a nationwide beam for

general broadcasting and multiple spot beams for local

high-definition channels. The nationwide beam for gen-

eral broadcasting operates from 18.3 to 18.6GHz, and the

multiple spot beams for local high-definition channels

operate from 18.6 to 18.8GHz. Therefore, the AMSR-E

channels at 18.7GHz could be interferedwith theDirecTV

signals reflected off the ocean surfaces around the coastal

areas of the United States.

Two cases are used to show how the proposed PCA

method works for the RFI detection over oceans for the

18.7-GHz channels. The spectral differences between

FIG. 10. Spatial distributions of the first component (e.g., To
b,18h 2To

b,23h) in the data decomposition matrices

(a),(b) A1, (c),(d) A2, and (e),(f) A3 over a portion of an AMSR-E swath on (left) 8 and (right) 24 Feb 2011.
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the 18.7- and 23-GHz channels (i.e., To
b,18h 2 To

b,23h) over

two AMSR-E swaths near the East Coast of the United

States are presented in Fig. 8. The case on 8 February

2011 involved a cloud system, whereas the case on 24

February represented a more fair-weather condition.

The total precipitable water distributions on both days

from the Interim European Centre for Medium-Range

Weather Forecasts Re-Analysis (ERA-Interim) data are

provided as a reference. Positive spectral differences near

the coast of Florida are found on both days (Figs. 8a,b),

within a cloudy system away from the East Coast on

8 February (Fig. 8a) and a relatively drier region near the

FIG. 11. (left) Daily and (right) accumulative TFI intensitymaps at 18.7-GHz horizontal polarization from 5 to 12 Feb

2011 around the United States.
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coastal area in the middle latitudes on 24 February 2011

(Fig. 8b). It seems that the spectral difference alone

cannot indicate TFI in the AMSR-E observations at the

18.7-GHz horizontal polarization channel.

Figure 9 presents the eigenvalues (Fig. 9a) and ei-

genvectors (Fig. 9b) for the TFI detection of 18.7-GHz

horizontal polarization of the data matrices of the two

swaths in Fig. 8. The variances explained by the five ei-

genvectors decrease exponentially. The third eigenvector

has the largest first component and decreases mono-

tonically with the index number. The largest values for

the first, second, fourth, and fifth components are in the

fourth, second, fifth, and third components, respectively.

The first three PCA components of the data matrix

FIG. 11. (Continued)
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corresponding to the TFI index vectors for the 18.7-GHz

horizontal polarization channel (R18h,i) are shown in

Fig. 10 over the same portions of the two AMSR-E

swaths near the East Coast of the United States in Fig. 8.

The fourth and the fifth PCA components are very small

(figures omitted). It is seen that the weather-related

signals are mostly described by the first two PCA

components (Figs. 10a–d). The third PCA component

(Figs. 10e,f) captures strong TFI signals near the east

coast of Florida and some weak TFI signals near the

west coast of Miami.

Figure 11 shows a series of daily and accumulated

TFI intensity maps at 18.7-GHz horizontal polarization

from 5 to 12 February 2011 around the United States

using the proposed third PCA component method. The

TFI-contaminated AMSR-E data are found near the

FIG. 12. Satellite glint angle distribution around North America from the same time period as that shown in Fig. 11.
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eastern edge of the AMSR-E swath west of 998 or

1038W, and on the west side of the AMSR-E swath east

of 998 or 1038W around the coastal areas. Such a char-

acteristic of TFI contamination of AMSR-E data is

determined by the geometric relationship between the

Aqua and the DirecTV satellites. Therefore, there are

many TFI-free AMSR-E data over the coastal areas,

depending on their scan positions.

The spatial distributions of satellite glint angles on

those AMSR-E orbital portions presented in Fig. 11 are

shown in Fig. 12. Again, TFI signals (left panels in

Fig. 11) are found in the areas where the satellite glint

angles are small (Fig. 11). Again, a 2-day coverage of

AMSR-E descending overpasses during 5 and 6 February

show the smallest TFI signals (Fig. 11, top-right panel),

and there are many TFI-free AMSR-E data near the east

and west coastal areas of the United States. The TFI-

contaminated data are very limited, depending onAMSR-E

swath geometry.

By examining themonthly averaged global TFI intensity

maps for AMSR-E 18.7-GHz channels for all descending

portions ofAMSR-Eorbits from1 to 18February 2011,we

found that TFI signals are located on the East and West

Coasts of the United States and on the Gulf Coast (see

Fig. 13). It is therefore important to separate the weather

signals from TFI-contaminated signals in these coastal

regions, so that the clearAMSR-Edata can be used for the

geophysical parameter retrieval and data assimilation.

c. Applications of the new algorithm for TFI detection
over global ocean

In sections 4a and 4b, the TFI detection algorithmwas

applied to a single swath. It is important to check if the

third eigenvector for the oceanic TFI detection at a

specified frequency (10.65 or 18.7GHz) has the same

structure as mentioned above for all swaths globally.

Figure 14 shows the third eigenvector of 10.65-GHz

horizontal polarization for all descending swaths on

16 February 2011, as well as the third eigenvector of

FIG. 13. Monthly accumulated TFI intensity maps for AMSR-E

18.7-GHz channels at (a) horizontal and (b) vertical polarization

for all descending portions of AMSR-E orbits from 1 to 18 Feb

2011.

FIG. 14. (a) Third eigenvectors of the 10.65-GHz horizontal polarization channel for all descending swaths on

16 Feb 2011. (b) Third eigenvectors of the 18.7-GHz horizontal polarization channel for all descending swaths on

24 Feb 2011.
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the 18.7-GHz horizontal polarization channel for all

descending swaths on 24 February 2011. The structure

of the third eigenvector for the oceanic TFI detection

at a specified frequency (10.65 or 18.7GHz) is nearly

the same for all swaths globally. Both are character-

ized by the largest value of the first component. The

global distributions of all AMSR-E descending swaths

on 16 and 24 February 2011 are presented in Figs. 15a,b.

On both days, there are three swaths over which TFI

signals are detected, which are indicated in orange, green,

and purple. TFI intensities over all swaths are provided in

Figs. 15c–f. The TFI intensity is bounded below a value

within 5–10K (e.g., an upper limit) for all the AMSR-E

TFI-free swaths (Figs. 15d,f). However, for the three

swaths with TFI signals detected, the TFI intensity ex-

ceeds the above-mentioned upper limit.

5. Summary and conclusions

TFI detection over ocean for satellite low-frequency

microwave imager radiances is important and challenging.

TFI must be reliably identified before the microwave im-

ager data are used for either geophysical retrievals or NWP

data assimilation. In this paper, a PCA-based method is

proposed and tested for detecting TFI signals in AMSR-E

data over ocean.

The new PCA-based method takes into account the

multichannel correlations for natural ocean surface

FIG. 15. Global distributions of all AMSR-E descending swaths on (a) 16 and (b) 24 Feb 2011. (c),(d) TFI in-

tensities at the 10.65-GHz horizontal polarization state of the three swaths with (left) TFI signals (orange, green, and

purple) and (right) all other swaths (blue) on 16 Feb. (e),(f) As in (c),(d), but for 18.7GHz on 24 Feb 2011.
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radiations, as well as the decorrelation between differ-

ent frequencies in the presence of TFI signals. A strong

TFI is visible for X- and K-band channels at both hori-

zontal and vertical polarization over ocean near coastal

regions over Europe and the United States, respectively.

Consistent with the cause of the ocean TFI signals,

measurements of the natural thermal emission from the

AMSR-E satellite over ocean are interfered with by the

geostationary satellite television (TV) signals reflected

off the ocean surfaces. Strong TFI signals are populated

along the eastern, southern, and western coastal areas

of the United States in the AMSR-E K-band data in

descending node. Strong oceanic TFI signals are found in

the AMSR-E X-band data in the Mediterranean Sea, the

Adriatic Sea north of Italy, and around Sicily. The TFI

locations are also quite persistent for every AMSR-E

descending swath passing over these regions with similar

observation geometry. The likely sources of the oceanic

TFI occurrences are the broadcasting signals from Eu-

ropean geostationary television (TV) satellites above the

equator.

The proposed PCA-based oceanic TFI detection algo-

rithm works at any geographical location over the global

ocean, regions with or without the presence of cloud and

high water vapor weather systems. Being applicable at the

granule data level, it offers a global oceanic TFI detection

method for AMSR-E data at X and K bands.
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