l. INTRODUCTION

ALIBRATION of spaceborne microwave radiometer

channels is important to ensure that consistent measure-
ments are made. In addition to onboard calibration, external
observations can be used as references to determine calibration
errors that lie outside the onboard calibration loop or errors in
the onboard calibration references themselves. Vicarious cold
calibration is one such method which uses a stable statistic
of the Earth brightness temperature (TB) as an external refer-
ence [1]. It has been successfully demonstrated for radiometer
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channels between 6 and 37 GHz [2], [3] but not previously in
the 85-92-GHz range. Other methods for external calibration
of radiometers carrying a high-frequency channel have been
developed. These include the following: 1) averaging over-
ocean observations for a long period of time to find scan biases;
2) comparisons with other radiometers using colocated observa-
tions; and 3) deep space maneuvers. These methods have been
performed on the Special Sensor Microwave/Imager (SSM/I)
[4], the Tropical Rainfall Measuring Mission Microwave Im-
ager (TMI) [5], [6], and the Advanced Microwave Scanning Ra-
diometer on the Earth Observing System platform (AMSR-E)
[7], [8]. Method 1 is a straightforward method to implement;
however, it requires averages of the TBs over several months
to minimize the sensitivity to geophysical effects and thus
washes out time-dependent calibration errors. Method 2 can
be an effective method, but it requires that crossover locations
between two radiometers exist and that there is a sufficiently
large population of colocated observations. Method 3 is a very
useful method where the spacecraft is rolled or pitched over so
that the radiometer views cold space, creating a very stable cold
background against which to calibrate. One potential limitation
of this method is that the radiometer will experience changes
in its thermal environment during the cold space maneuver
that can alter (sometimes appreciably) the physical temperature
of calibration-related hardware, thereby potentially altering
characteristics of the calibration errors being investigated. In
addition, not every platform is able to undergo this maneuver,
so this method cannot be relied upon for every spaceborne
radiometer.

Vicarious cold calibration is a useful calibration tool since it
can be applied to a shorter time period than method 1, does not
require crossover locations between radiometers as method 2
does, and is not dependent on a spacecraft maneuver as
method 3 is. It is therefore desirable to extend vicarious cold
calibration to the frequencies from 85 to 92 GHz since sev-
eral current spaceborne radiometers utilize these frequencies,
e.g., TMI at 855 GHz and the Special Sensor Microwave
Imager/Sounder at 91.655 GHz [9]. However, using vicarious
cold calibration at 85-92 GHz introduces several challenges
that are not present at the lower frequencies. The theory of the
vicarious cold calibration algorithm is that there exists a sea
surface temperature (SST) where the microwave radiometer TB
is at a minimum for given frequency, polarization, and Earth in-
cidence angle (EIA). However, if this minimum does not exist,
it could become difficult to derive a stable cold statistic. This
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Fig. 2. Cold calibration TB for AMSR-E (top) 89V and (bottom) 89H. A sea-
sonal cycle in the cold calibration TB is present for both polarizations but more
strongly for H-pol. The ranges of variation over the year are approximately 4 K
for V-pol and 9 K for H-pol.

The 89V channel has small variations in the cold calibration
TB throughout the year, while the seasonal variation is very
apparent in 89H. Note that the scales for V-pol and H-pol are
different in order to show the seasonal variation for both polar-
izations. A possible reason for the greater seasonal variability
in the H-pol cold calibration TB is that the relative TB contrast
between the atmosphere and surface is greater for horizontally
polarized TBs compared to vertically polarized TBs. Small
changes in the atmospheric TB therefore have a greater effect
on the overall top of atmosphere TB for H-pol, causing the cold
calibration TB at H-pol to be more sensitive to atmospheric
variability. Also, as noted before, the H-pol theoretical mini-
mum TB is at a warmer SST than what occurs naturally, so
the cold calibration TB at H-pol may be more dependent on
SST variability, depending on the distribution of water vapor
around the warm SSTs. This seasonal variation needs to be
reduced, so it is not included in the calibration. One way to
do this is by including simulated TBs in the calibration that
account for geophysical variables such as water vapor and SST
variations. By taking the difference between the cold calibration
TB from the observations (obs) and the cold calibration TB
derived from the simulations (sims), called the single difference
(SD), the seasonal variation can be minimized. The radiative
transfer model (RTM) used to simulate the TBs and the process
of differencing the observed cold calibration TB from the
simulated cold calibration TB is described in [3]. The extension
of the simulations to include the high frequencies gives rise
to the possibility of greater errors in the simulated TBs due
to atmospheric water vapor and cloud liquid water (CLW)
errors in the input fields to the RTM. However, since vicarious
cold calibration only uses the coldest TBs in the histogram
when deriving the cold calibration TB, these TBs only include
minimal amounts of water vapor and CLW. Therefore, any
errors in the simulated cold calibration TB due to water vapor
and CLW will be small. Figs. 3 and 4 compare the observed
cold calibration TB with the simulated cold calibration TB and
illustrate the ability of the simulations to model the observations
through the SD for both 89V and 89H. The reduction of the
seasonal cycle is most evident in the 89H channel.
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Fig. 3. Cold calibration TB for AMSR-E 89V (top) observed and simulated
TBs and (bottom) SD by month for July 2005-June 2006.
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Fig. 4. Cold calibration TB for AMSR-E 89H (top) observed and simulated
TBs and (bottom) SD by month for July 2005-June 2006. The simulations are
able to model the seasonal variation in the cold calibration TB and reduce it in
the SD.

While the simulations do appear to improve the calibration
by minimizing the seasonal signal, the simulations do not solve
the problem of the long cold tail due to hydrometeor scattering.
The RTM only accounts for absorption in the atmosphere and
does not include any scattering. Further filtering of the TBs
needs to be done to reduce the cold tail observed in the TB
histogram in Fig. 1.

IIl. TB FILTERS

We hypothesize that the very cold TBs contributing to the
long tail in the TB histograms are due to hydrometeor scatter-
ing. It is therefore necessary to find one or more filters that can
remove data in which scattering occurs. It is not reasonable
to simply remove any TBs below a given threshold in the
histogram, since some of those cold TBs could be due to the
surface signal.

One possible filter is to use the lower frequencies on the
microwave radiometer to flag areas of precipitation. High rain
rates tend to be correlated with areas of strong convection,
which lead to formation of ice. Using the other channels of
the radiometer to filter the high-frequency TBs allows filtering
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Fig.5. Two-dimensional histograms of 89 GHz versus (top) 19 GHz, (middle)
22 GHz, and (bottom) 37 GHz. The left column shows V-pol, and the right
shows H-pol. Colors indicate number of TB counts. Low 89-GHz TBs tend to
be correlated with high TBs at the lower frequencies.

to be done without use of ancillary data. Stogryn et al. [15]
developed four precipitation filters to apply to the SSM/I data
that can be applied to AMSR-E as well. The data are flagged as
precipitation if the following conditions occur:

TBary — TBgry > 50 K Q)
TBigv > TBsry 2
TByon > 185 K ?)
TBymy > 210 K 4)

In addition to these low-frequency flags, a set of high-/
low-frequency combinations can be used to flag the data for
precipitation [16], [17]. Filters were developed by examining
2-D histograms of the various combinations of 89 GHz versus
19, 22, and 37 GHz of similar polarizations. These plots are
shown in Fig. 5 for one month of data. For both polarizations,
it is apparent that there is a correlation between low TBs at
89 GHz with high TBs at 19, 22, and 37 GHz. This is expected
since higher amounts of water vapor and precipitation will
increase the TBs observed at the lower frequencies, while at
the same time decreasing the TBs at 89 GHz through scattering.
These plots can be used to develop filters for 89 GHz. The black
dashed line in each plot in Fig. 5 is the 1:1 line where the TBs
at each frequency are equal. For all frequency combinations,
many of the very cold TBs at 89 GHz can be filtered from the
data by removing TBs below the black dashed line. If there
was no atmosphere on top of the ocean background, a higher
frequency would result in a higher top-of-atmosphere TB due
to the increase of surface emissivity with frequency. Therefore,
all the TBs below the black dashed line should be from regions
where there is a significant amount of atmospheric contribution
which decreases the 89-GHz TB relative to the lower frequency
channels, as would be expected from atmospheric scattering.
This filter will be analyzed in the next section.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 51, NO. 9, SEPTEMBER 2013

89V Obs TB - 89V Sims TB (K)

0

190 210 230 250 270 290 310
Cloud Top Temperature (K)

Fig. 6. Two-dimensional histogram of 89V observed TBs minus simulated
TBs versus CTT for January 2006. Colors indicate number of counts. The
magnitude of the scattering increases with decreasing CTT.
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Fig. 7. CTT versus SST 2-D histogram for January 2006. Colors indicate
number of counts. Most of the very cold CTTs occur at high SSTs.

One potentially useful filter that requires ancillary data is
cloud top temperature (CTT). CTT products can be derived
from infrared (IR) sensors. Cold CTTs are correlated with
areas of strong convection, so knowledge of the CTTs could
greatly help in reducing the hydrometeor scattering signature
in the TB data. The Aqua platform which has AMSR-E on
board conveniently also has a visible/IR imager, the Moder-
ate Resolution Imaging Spectroradiometer (MODIS). MODIS
Level 2 products contain a CTT field [18] that can be used to
filter AMSR-E TB data. The MODIS swath is wide enough to
cover the entire AMSR-E scan, with a small time difference of
approximately 2 min separating the MODIS observations from
the AMSR-E observations.

Fig. 6 shows a 2-D histogram of the difference between the
AMSR-E observed TBs and simulated TBs versus the CTT
for 89V. The CTT fields from MODIS are regridded to the
AMSR-E observations using a linear interpolation. The plot has
an asymmetrical shape, showing a large region of data at cold
CTTs where the observed TB is less than the simulated TB.
Since the simulations do not include the effect of scattering, the
simulated TB will be warmer than the observed TB in regions
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Fig. 8. Observed and simulated cold calibration TBs using different filter
thresholds for 37V-37H.

of hydrometeor scattering. As seen in Fig. 6, the magnitude of
the scattering increases with decreasing CTT.

Another useful application of the CTT fields is to find SSTs
that are associated with cold CTTs, so that an SST filter can
be applied to the data. Fig. 7 shows a 2-D histogram of CTT
versus SST for one month of data (January 2006). The SST
fields are taken from the Global Data Assimilation System
(GDAS), which is used as input to the RTM. The SST where
the theoretical minimum TB occurs for 89V (~293 K) has very
few cold CTTs associated with it compared to SSTs colder
and warmer than 293 K. H-pol presents a different challenge,
since its theoretical minimum TB occurs at SSTs higher than
what occurs naturally. Therefore, the coldest surface TBs at
H-pol will occur at the warmest SSTs that exist with minimal
amounts of water vapor. As seen in Fig. 7, the warmest SSTs are
associated with cold CTTs and, therefore, a high probability of
hydrometeor scattering. If the SSTs were restricted for H-pol,
this might help eliminate much of this scatter effect on the
vicarious cold calibration TBs.

IV. APPLICATION OF TB FILTERS

The three types of potential filters to apply to the high-
frequency TBs include a precipitation filter derived from com-
binations of low/high microwave frequencies, a CTT filter using
MODIS data, and an SST filter using GDAS data. Each of
these filters is analyzed to determine what threshold value is
appropriate to stabilize the vicarious cold calibration TB.

The filter in (1) uses the difference between V-pol and H-pol
at 37 GHz to look for the polarization signature from pre-
cipitation. The threshold in this equation is analyzed to de-
termine whether 50 K is the appropriate value to use as a
high-frequency TB filter. This threshold value is varied from
0 to 70 K, and the filter is applied to the 89-GHz observed
and simulated TBs. The vicarious cold calibration algorithm
is then performed on both the observed and simulated TBs,
and the results are plotted in Fig. 8 for 89V. A sign that the
filter is properly removing cold TBs due to scattering and not
the surface signal is that the observed cold calibration TB
is warming while the simulated cold calibration TB (which
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Fig. 9. SD and the derivative of the SD with respect to the TB threshold. A
threshold of 50 K is a reasonable value for the filter.

does not include scattering) remains unchanged. Fig. 9 shows
this SD as well as the derivative of the SD with respect to
the precipitation filter threshold. The objective of this anal-
ysis is to determine the optimal threshold value to remove
scattering effects. As the threshold value is increased, more
TBs are filtered out, which, in turn, affects the derived cold
calibration TB. At some point, increasing the threshold further
destabilizes the SD as the sample size becomes too small. This
effect can be seen by looking at the derivative of the SD with
respect to the threshold. In Fig. 9, this transition occurs around
50 K. Below 50 K, the SD is increasing steadily at a constant
rate. This increase is due to the warming of the observed cold
calibration TB while the simulated cold calibration TB remains
unchanged, as shown in Fig. 8, since the filter is removing only
those regions of high scattering. Above 50 K, the SD and its
derivative increase rapidly with increasing threshold, indicating
relative instability of the vicarious cold calibration statistic. We
therefore use a precipitation flag threshold of 50 K, supporting
the findings in [15]. The AMSR-E data used in this analysis are
from July 2005 only; however, the other data follow the same
general pattern.

The other filters that make use of the radiometer’s lower
frequencies are those combinations shown in Fig. 5. A similar
analysis to the one for 37-GHz V-pol (37V)/37-GHz H-pol
(37H) previously mentioned is performed for these five com-
binations to derive the filters given in

TBggy > TBigy + 10K (5)
TBgog > TBigg + 30K (6)
TBsov > TBaay U]
TBsgy > TBarv ®)
TBson > TBari + 10 K )

These five combinations as well the 37V/37H combination
previously mentioned are collectively used as the precipitation
filter.

The CTT and SST filters are also analyzed according to the
method described previously. It is found that a filter which
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Fig. 10. SD for AMSR-E 89V with various filters applied. The precipitation
filter and CTT filter give the best performance.

Fig. 11. TB histograms for 89V with various filters applied. The precipitation
filter removes the largest percentage of the cold tail.

removes all pixels with CTT below 230 K is effective at elimi-
nating hydrometeor scattering. The scattering is also effectively
removed by a filter that removes regions where the SST is
greater than 300 K for both polarizations. These three filters
are applied to both the V-pol and H-pol 89-GHz TBs in the
following analysis.

A. V-Pol

Fig. 10 shows the cold calibration TB SD for AMSR-E 89V
using the various filters described previously. Each of the three
filters improves the observed cold calibration TB; however,
it does not appear necessary to use the SST filter, since the
precipitation filter improves the cold calibration TB beyond that
of the SST filter. Also, since the CTT filter and precipitation
filter give approximately the same improvement to the cold
calibration TB, it is not necessary to use both of them. It is far
more convenient to use the precipitation filter rather than the
CTT filter since it does not require colocated IR data.

Fig. 11 shows the cold end of the TB histograms after
applying the various filters for one month of AMSR-E obser-
vations. The effect of each filter on removing the cold tail of
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Fig. 12. SD for AMSR-E 89H with various filters applied. The filters do not
have as significant an impact on the cold calibration TB for H-pol as they do
for V-pol.

Fig. 13. TB histograms for 89H with different filters applied. The bottom
plot has a smaller TB range to highlight the cold tail. H-pol does not have a
significant cold tail, but the precipitation filter removes what little tail there is.

the histogram can be seen. The SST filter removes part of the
tail, while the CTT and precipitation filters remove more of
the tail. This gives a lower bound to the TB histogram that
is associated with the cold surface TBs and not hydrometeor
scattering, leading to a derived cold calibration TB that has
greater stability.

B. H-Pol

Fig. 12 shows the AMSR-E 89H cold calibration TB SD
with the three filters applied. The filters make a less significant
impact for H-pol than they do at V-pol. One reason for this
could be that H-pol does not have as large of a cold tail in the
histogram due to scattering. Since the H-pol cold calibration
TB is much lower than V-pol (about 165 K at H-pol compared
with 230 K at V-pol), there are not as many cold TBs from
hydrometeor scattering that are colder than the H-pol cold
calibration TB relative to the V-pol cold calibration TB. This
can be seen in the TB histograms for H-pol shown in Fig. 13.
While there is a slight cold tail in the histogram, it is not nearly
as substantial as the tail at \-pol (see Fig. 11). The bottom plot
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Fig. 14. SDs for AMSR-E and TMI V-pol comparing no filter and the
precipitation filter. The filtering has a significant positive impact on the SD.

in Fig. 13 shows the same histogram as the top, with a smaller
TB range to better observe the cold tail. What little tail does
exist in the H-pol TB histogram is removed by the precipitation
filter.

The other concern with H-pol aside from hydrometeor scat-
tering is the unphysical SST at which the theoretical cold TB
occurs. The SST filter was implemented with the hope that
it would be able to limit the regions where the H-pol cold
calibration TB is derived to stabilize the statistic. However, the
SST filter does not appear to improve the calibration any more
than the other filters. This is most likely due to the vicarious
cold calibration TB not being sensitive to the warm SSTs since
the algorithm naturally filters out regions of high water vapor,
and these regions most often occur at the warmest SSTs. Unlike
in V-pol, not one filter appears to perform better than any
of the other filters. Since the precipitation filter is the best
for V-pol and is shown to be the filter that best removes the
H-pol histogram cold tail, as seen in Fig. 13, this will be the
filter implemented for the H-pol TBs.

V. INTERCALIBRATION OF AMSR-E WITH TMI

Intercalibration using the vicarious cold calibration double
difference (DD) method has been shown to be an effective
method for frequencies from 10 to 37 GHz [3]. It is important
to be able to intercalibrate the high-frequency channels from 85
to 92 GHz as well.

The precipitation filter was shown to be the most effective
and convenient filter to use, so this will be applied here to
intercalibrate the AMSR-E 89-GHz channel with the TMI
85.5-GHz channel. Based on analysis of TMI data sensitivity
to precipitation flag thresholds, the same TB thresholds for the
AMSR-E precipitation filter as given in (1) and (5)—(9) are used
for TMI. It becomes even more evident that the cold TBs from
hydrometeor scattering need to be filtered when performing
intercalibration. Fig. 14 shows the SD for both AMSR-E and
TMI using no filter compared with using the precipitation filter.
AMSR-E latitudes have been limited to —40° to +40° so that
the latitude sampling is similar to TMI. This large difference
in the SD between no filter and the precipitation filter is due
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Fig. 15. DD for AMSR-E-TMI (top) V-pol and (bottom) H-pol. With the
precipitation filter, the DDs are  0.03 K for V-pol and 0.80 K for H-pol, while
with no filter, they are  1.75 K for V-pol and 0.40 K for H-pol (averaged over
the 12 months).

TABLE |
SDs AND DDs FOR AMSR-E AND TMI INTERCALIBRATION, AVERAGED
OVER JuLY 2005 TO JUNE 2006. THE EFFECT OF THE PRECIPITATION
FILTER IS MORE PRONOUNCED FOR V-POL

V-pol H-pol
No filter | Precip filter | No filter | Precip filter
g?ﬁgﬂ'ﬁf&‘g‘e -6.28 -1.80 4.04 475
E]i‘f“fzrsgr‘l‘cg;e(m 453 -1.77 3.64 395
gff‘;:’r':nce @ | L -0.03 0.40 0.80

to the difference in the observed cold calibration TB, since the
precipitation filter has an insignificant effect on the simulated
cold calibration TB. Fig. 15 shows the DD for V-pol (top) and
H-pol (bottom) AMSR-E-TMI. The precipitation filter has a
large impact on the V-pol DD value. The value of the V-pol
DD when averaging over the 12 months is —0.03 K with the
precipitation filter, compared to —1.75 K without the filter.
If the hydrometeor scattering is not properly accounted for,
it could be taken as a calibration offset when, in fact, it is
geophysical in origin. The precipitation filter does not have
as great an effect on the DD for H-pol as it does for V-pol,
as seen previously for the AMSR-E SD. The values of the
H-pol DD when taking the average over the year are 0.80 K
with the precipitation filter and 0.40 K without the filter. The
objective of the DD is not to achieve a value as close to zero
as possible but to have confidence that the DD contains as
few geophysical effects as possible, leaving just a calibration
difference between the two radiometers. Even though the H-pol
DD without the precipitation filter is closer to zero than that
with the filter, it is not as accurate, so the DD with the filter is
preferred.

Table | summarizes the results from Figs. 14 and 15. The
values given are the averages of the SDs and DDs over a year.
It is difficult to assess the absolute accuracy of the vicarious
cold calibration method, since that would require identifying
a radiometer or model as truth. Potential inaccuracies in the
forward model, such as errors in the surface dielectric or atmo-
spheric absorption model, are important to consider if absolute
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calibration is desired. However, we are only concerned here
with the relative stability of the vicarious cold calibration, so
that this method can be used to identify a calibration difference
between two radiometers or the stability of a radiometer’s cali-
bration through the SD. A potential contributor to instability in
the cold calibration is seasonal variability, which will manifest
itself in the SD if it is not properly accounted for. This relative
stability can be quantified using the standard deviation of the
SD over a year of data. The standard deviations of the AMSR-E
precipitation filtered data are 0.27 K for V-pol and 0.34 K for
H-pol. Compared to the prefiltered data, which have standard
deviations of 1.61 K for V-pol and 0.59 K for H-pol, the filtered
data improve the relative stability.

VI. CONCLUSION

Vicarious cold calibration in the frequency range of
85-92 GHz has been analyzed and shown to be a useful
calibration tool if the TBs are properly filtered. The challenges
associated with vicarious cold calibration at these frequencies
include contamination of the cold TBs due to hydrometeor scat-
tering, a higher sensitivity to atmospheric water vapor, and the
theoretical H-pol cold calibration TB occurring at an unphysical
SST. Various filters were applied to the high-frequency TBs,
and each filter was analyzed to determine its performance on
the vicarious cold calibration TB. The filters applied included
a precipitation filter derived from low-frequency TBs, a CTT
filter using ancillary data, and an SST filter. The precipitation
and CTT filters were found to be the most effective at removing
the cold TB contamination due to scattering for V-pol. The 89H
channel was found to be less affected by the filters than V-pol
was. However, it was shown to be the more sensitive of
the two polarizations to seasonal geophysical variability. This
sensitivity was minimized by using modeled TBs to derive
a simulated cold calibration TB to match the observed cold
calibration TB. The effect of using the precipitation filter was
shown through intercalibration of the V-pol channel, where
the precipitation filter improved the average cold calibration
difference between AMSR-E and TMI by 1.7 K. Beyond
intercalibration of radiometers, this calibration tool can also
be used for identifying radiometer drifts as well as anomalies
across the scan for scanning radiometers. For these analyses,
it is also important to filter for hydrometeor scattering, since it
could mistakenly be classified as a drift in the radiometer or TB
scan bias.
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