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Abstract—The sun is a sufficiently strong source of radiation
at L-band to be an important source of interference for
radiometers on future satellite missions such as SMOS, Aquarius,
and Hydros designed to monitor soil moisture and sea surface
salinity. Radiation from the sun can impact passive remote
sensing systems in several ways, including line-of-sight radiation
that comes directly from the sun and enters through antenna side
lobes and radiation that is reflected from the surface to the
radiometer. Examples are presented in the case of Aquarius, a
pushbroom radiometer with three beams designed to monitor sea
surface salinity. Near solar minimum, solar contamination is not
a problem unless the sun enters near the main beam. But near
solar maximum, contamination from the sun equivalent to a
change of salinity on the order of 0.1 psu can occur even when the
signal enters in sidelobes far from the main beam.

Keywords-Ocean Salinity, microwave radiometry; remote
sensing;

1. INTRODUCTION

The solar radio flux, F;, is the brightness at wavelength A
integrated over the entire solar disc. Since the solar disc is
small this is approximately:

Fk = Bsun qun (1)

where the mean brightness, By, is expressed in Wm?Hz 'sr™!
and Qg,, is the solid angle (steradians) of the sun as seen from
the earth: Qg 2n[1 - cos(Bgm)] = 8.22 107 . In this
expression Oy, is the angular radius of the sun as viewed from
the earth. At 1.4 GHz, 04,= 0.293 degrees which is about
10% greater than the optical angular radius [1].

The solar flux, F;, is typically expressed in solar flux units, sfu
(1sfu = 10 Wm™?Hz"). Values at various wavelengths are
available daily from ground stations around the world that
monitor the sun. Among the stations monitoring radiation at
1.415 GHz are the observatories in the Radio Solar Telescope
Network (RSTN) operated by the U.S. Air Weather Service
(Sagamore Hill, 42 N, 71 W; Learmonth, Australia 22 S, 114
E; Palehua, Hawaii 21N, 158W; and San Vito, Italy 41 N, 18
E) whose data can be obtained through the National
Geophysical Data Center at Boulder, Colorado [2].

Solar flux units can be converted into an equivalent blackbody
temperature by assuming that the sun is a uniform thermal
source (blackbody) and using the Rayleigh-Jeans
approximation.  The relationship between the equivalent
temperature, Tg,,, and the solar flux F, can be written:

Tsun = [7\'2/21(] Bsun = [XZ/Zstun] F?x 10-22 (2)

At L-band (1.4 GHz), one obtains:
Tan = 2000 Fp 3)
where Fy is the solar flux at L-band in solar flux units (sfu).
II. EXAMPLES

It is convenient to separate radio emission from the active sun
into two categories on the basis of their characteristic scale of
temporal variation [3]:

Tsun(t) = TS(t) + TR(t) (4)

Ts represents a slowly varying component (time scale of hours
to days) and at L-band is largely due to thermal radiation from
the hot plasma in the atmosphere of the Sun. It varies
randomly from day to day with a mean value and standard
deviation that vary with the 11-year solar cycle and correlate
with the number of sunspots. Figure 1 shows the Ts
component of the solar flux at 1.4 GHz measured at the
Sagamore Hill solar observatory [2]. The figure shows the
daily value of flux measured at local noon 1980 through 2004.
Figure 2 shows similar data for a period of one year with
higher temporal resolution. The blue curve is for the year,
1986, a minimum in the solar cycle and the red curve is for
1989, which is near the maximum of the same solar cycle.

Tr is a rapidly varying component (seconds to minutes in
duration) associated with flares (explosions on the surface of
sun) and other transient activity on the sun. Solar flares occur
due to a sudden release of magnetic energy in the solar
atmosphere and their frequency varies with the eleven-year
solar cycle. During periods of low solar activity few solar
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flares are detected and there can be thousands during periods
of high solar activity. Not all flares are associated with an
enhancement of radiation at microwave frequencies. When
such enhancements occur they are called Solar Microwave
Bursts (SMB). A worldwide network of observing stations
report the SMB at variable frequencies and thresholds. The
Radio Solar Telescope Network (RSTN) reports bursts when
the flux exceeds 50 sfu. The Owens Valley Solar Array
(OVSA) records solar flares with lower thresholds by
measuring changes from RMS fluctuations over quiet periods
before the bursts [4].

Figure 3 provides information about the distribution of peak
amplitude in solar flux units (top) and the distribution of
duration in minutes (bottom) of radiation at L-band during
SMB. The data are from RSTN observations at 1.4 GHz
during 1989, a period of high solar activity. Each bar
represents the number of events in a box centered on its mid-
value and 50 sfu wide. The boxes in the histogram on the
right are 5 minutes wide and also centered on its mid-value.
The last bar in each case represents the remainder. The first
bar in the histogram of peak amplitudes is an under estimate
because of the 50 sfu threshold adopted by the RSTN. The
occurrences in this box were identified because of recordings
at other frequencies (i.e. the threshold exceeded 50 sfu at a
frequency other than 1.4 GHz). The peak flux can differ for
the same flare recorded at different stations. In such cases, the
recording with the largest peak value (at 1.4 GHz) was used.

III. DIRECT AND REFLECTED RAY

Radiation from the sun can impact remote sensing of the
ocean surface from space in several ways: (a) Radiation can
enter the antenna via the “direct ray” along the line-of-sight
from sun to spacecraft; (b) The mean (average) signal
reflected from the surface behaves like a ray that is specularly
reflected from the ocean surface (this “reflected ray” can be
nearly as strong as the direct ray); and (c) The fluctuating
portion of the reflected signal (incoherent signal) that is due to
the wave roughened surface and often referred to as “glitter”.
Only the first two terms will be discussed here.

The contribution to the antenna temperature due radiation that
comes directly (line-of-sight) from the sun can be obtained in
the conventional manner by integrating the antenna over the
solar disk. Using the Rayleigh-Jeans approximation to express
the solar brightness in terms of equivalent temperature, one
obtains:

Ty = (1/Q) [ Tan(Q) Fi(Q) d 6))

where Q, is the beam solid angle and F, is the normalized
antenna pattern. If T, is constant and the range of integration
small, then to a good first approximation:

TA = (I/Qp) Tsun Fn qun (6)

Substituting for Ty, from Equation (2) and introducing the
antenna (directional) gain G = (4n/ Q,) F,,, one obtains

Ta = (1/Q,) [\/2k] F, F 10 (7)
= 0.013GF,

Since radiation from the sun is largely unpolarized G should
be interpreted as the sum of the co- and cross-polarized
components.

The effect of the reflected ray can be computed in the same
manner. The location of the specular point and angle of the
incident radiation can be computed analytically for a spherical
earth as described in [5]. Except for the fact that the reflected
ray encounters the antenna at a slightly different angle,
computation of the antenna temperature is the same as for the
direct ray (Equations 5-7) but with gain in the appropriate
direction. When reflection is from the ocean, the amplitude is
comparable (reflectivity on the order of 0.7) but there will be
differences in polarization because of the reflection coefficient
at the surface is polarization dependent. In the case of land,
the reflectivity is smaller (on the order of 0.3) and as a result
the impact on antenna temperature will be somewhat smaller.
As mentioned above, there will also be a contribution from the
“incoherent” radiation (glint) which is not included here (and
except in cases of large surface roughness will be smaller).

IV. IMPACT ON AQUARIUS

As an illustration of the potential impact on remote sensing at
L-band, calculations are presented for configuration of the
Aquarius mission. Aquarius is 3 beam pushbroom radiometer
designed to map sea surface salinity on a monthly basis with
an accuracy of 0.2 psu. The sensor will be in a 6am/6pm sun-
synchronous orbit with the main beams pointing toward the
nighttime side of the terminator (looking away from the sun).
Hence, both the direct ray and the ray reflected from the
surface will enter through antenna sidelobes far from the main
beam. The antenna consists of a 2.5 m offset fed parabola
with three feeds. Figure 4 illustrates the antenna pattern for
one of the beams. The figure shows a cut through the pattern
at constant azimuth (¢ = 175 degrees) as a function of polar
angle (0 in spherical coordinates). Positive 0 corresponds to
0< @<r and negative 0 corresponds to the n<@<2m. The green
curve is the cross-pol term and the red curve is the sum of co-
and cross-pol. These are theoretical curves obtained
numerically for the present design and ignore the presence of
the spacecraft. Figure 5 shows where the direct and reflected
ray appear. The locations are for an idealized case (spherical
earth and circular orbit with sun fixed in position during the
orbit) but give an idea of how the sun moves relative to the
antenna as the sensor revolves in its orbit. At the top of Figure
5 are shown the locus of the direct ray (solid) and reflected ray
(dashed) in the reference frame of the satellite. The sun is in
the direction of the y-axis (¢ = 90 deg) and the satellite orbits
in the z-x plane moving in the x-direction. The loci of the two



rays from the sun in the coordinates of the antenna are plotted
at the bottom of the figure (Z is in the boresight direction, X in
the direction of motion of the spacecraft and polar coordinates
(0,0) are measured with respect to these Cartesian coordinates
in the usual manner). Figure 5 is a polar plot in which theta is
plotted radially in degrees and phi goes around the plot (0-
360). The loci change seasonally as the solar angle changes
with respect to the plane of the earth’s rotation. They reduce
to a point at the equinox and grow to maxima (not much
different than shown in this example) at the solstice. At
slightly large solar angles one begins see a shadow region as
the earth blocks rays from the sun (reflected and direct ray).

Figure 6 shows the effect of the sun on the antenna
temperature as the satellite orbits for one full year (the sun and
satellite go through the full range of relative orientation). The
sum of the direct and reflected ray is plotted. The vertical axis
is latitude. The ascending orbit is at the bottom half of the
figure and the descending orbit at the top. The dark horizontal
line at the center represents the North Pole. The data are
averaged for one day (14 orbits) and then results are plotted
for each day (365 vertical stripes along horizontal axis). The
calculation has been done for a constant solar flux of 250 sfu
and uses the antenna shown in Figure 4 pointing at 33.8
degrees. (This is the middle of the three Aquarius beams and
is the angle the boresight ray makes with nadir at the
spacecraft.) At the top of Figure 6 is the result for vertical
polarization and the bottom panel in Figure 6 shows the result
for horizontal polarization. The contribution of the sun at V-
pol is a little less than at H-pol because the reflection
coefficient is smaller at V-pol than at H-pol for the reflected
ray. The patterns in the figures are caused by the motion of
the sun relative to the antenna pattern as the satellite orbits and
motion of the sun relative to the orbit during the course of the
year. Because the sun is relatively small, the changes as it
moves relative to the peaks and valleys of the sidelobes cause
the patterns noticeable in Figure 6. In Figure 6 land has the
same reflectivity as ocean (so, in this sense it is a worst case).

V. CONCLUSIONS

The goal for the Aquarius mission is a monthly map with an
accuracy of 0.2 psu. In radiometric terms, a change of 1 psu
corresponds roughly to a change in brightness temperature of
about 0.5K (the sensitivity depends on salinity, temperature,
polarization and incidence angle). Hence, the goal in
radiometric terms is on the order of 0.1K.

From Figure 6 it is clear that in most cases the contribution
from the sun is on the order of 0.05 K or less. But it can be as
much as the threshold of 0.1 K. In this sense, the sun is
clearly a concern for remote sensing of salinity. On the other
hand, a solar flux of 250 sfu is a rather large value for the Tg
component and is likely to be encountered only during solar
maximum and then only occasionally (i.e. Figure 1). At solar
minimum (Fp = 50), contamination from the sun does not
present a major problem. Nevertheless, the contamination by

the sun is only one component of many that make up the error
budget of the sensor, and to accurately assess the impact one
must include all the factors together.

Figure 6 shows only the Ts component. The contribution from
solar flares can be much larger. As shown in Figure 3, one
can expect a significant number of flares with F; exceeding
500 sfu during the course of a year during solar maximum.
However, the duration is relatively brief. The total duration of
flares (area under the distribution in Figure 3) is less than 4%
of the total time. It will be even less for conditions other than
solar maximum. Hence, a reasonable approach might be
simply to flag the occurrence of flares and then evaluate the
impact based on the reported magnitude. Data from a global
monitoring network such as the RSTN can be used a posteriori
to determine if the flare was large enough to exceed the
threshold of tolerance set by the side lobe level. The lost data
should be even less than 4% because most flares have peak
flux levels below 200 sfu.
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Figure 1. Solar flux at 1.4 GHz at noon from the Sagamore Hill [2].
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Figure 2. Solar flux at 1.4 GHz at noon. High solar activity (1989, red) and

low solar activity (1986, blue). Data are from Sagamore Hill [2].
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Figure 3. Histograms showing distribution of peak amplitude (top)
and duration (bottom) for SMB at 1.4 GHz during high solar
activity. The data are from the RSTN during 1989.
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Figure 4. Antenna gain of an antenna similar to that planed
for Aquarius. Green is the cross-polarized component and
red the sum of cross- and co-polarized gain.
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Figure 5. Polar plot showing the loci of location of direct
(solid) and reflected (dashed) rays as the satellite revolves
in its orbit. At the top are the loci in coordinates fixed on
the spacecraft and on the bottom are same in antenna
coordinates. Note that n<@<2z corresponds to 6<0 in Fig 4.
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Figure 6. Antenna temperature due to the sum of direct and
reflected ray for vertical polarization (top) and horizontal
polarization (bottom) for one year. Color code is in Kelvin.
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