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1. Introduction

This document describes Remote Sensing Systems’ (RSS) Version 7 sensor calibration that is applied to the se-
ries of 6 Special Sensor Microwave Imagers (SSM/I) that flew on the Defense Meteorological Satellite Program
(DMSP) F08, F10, F11, F13, F14, and F15 spacecraft. The FO8 SSM/I was launched in June 1987, and the F15
SSM/I is still in operation as of January 2013. Figure 1 shows the local time for the ascending equator crossing for
the mission life of the 6 SSM/Is. The SSM/I sensor design and performance characteristics has been reported exten-
sively [Hollinger et al., 1987; Wentz, 1991; Colton and Poe, 1999], and a brief overview is given at the end of this
Introduction.

SSM/I is important to Earth science and climate studies because several fundamental climate variables can be
retrieved from its multi-spectral, polarized observations. These include winds over the ocean, atmospheric water
vapor, cloud water, rain, sea ice, and snow cover. Furthermore, these retrievals, which now extend nearly 3 decades,
can be precisely tied to the same retrievals coming from the SSM/I follow-on sensor: the Special Sensor Microwave
Imager/Sounder (SSM/IS).

Since the first SSM/I was launched in 1987, RSS has been providing SSM/I datasets to the research and cli-
mate communities. A major component of this effort has been the calibration of the SSM/I observations. The
SSM/I telemetry data coming from the spacecraft consists of radiometer counts along with supporting data such as
thermistor readings. The conversion from radiometer counts to top-of-the-atmosphere (TOA) brightness tempera-
tures (Tg) is called the calibration process. It is essential each SSM/I is consistently calibrated so that the Tg meas-
urements for all 6 sensors can be used in unison to construct multi-decadal time series of the climate variables men-
tioned above.

Over the years, the calibration process has improved with each new dataset version. Wentz [2010] reviews the
evolution of the SSM/I datasets going from Version 1 in 1988 to Version 6 in 2006, and Section 15 herein explains
the improvements going from Version 6 to Version 7. The Version 7 objective was to develop a calibration meth-
odology that could be consistently applied to all satellite MW imager including SSM/I, SSM/IS, AMSR, WindSat,
and TMI, and at the same time have the calibration traceable back to a common reference. In addition, we required
that the calibration be cast in terms of physical quantities such as antenna pattern characteristics and effective cali-
bration target temperatures rather than a collection of ad hoc additive (or multiplicative) offsets.

To realize these objectives, we use the rain-free ocean as our absolute calibration reference. Rain is easily de-
tected given the SSM/I channel set, and these observations are excluded from the calibration process. State-of-the-
art radiative transfer models (RTM) of the ocean and intervening atmosphere in the absence of rain can predict the
TOA Tg to a high degree of accuracy. Using the RTM as the absolute calibration reference avoids the problem of
absolute calibration errors in one sensor aliasing into another. It also simplifies the inter-calibraton of sensors
having signficantly different channel sets and viewing angles (i.e. SSM/I and WindSat). Furthermore, it provides a
precise defintion of absolute calibraton that can be applied to all sensors.

Another advantage of calibrating the Tz measurements to the RTM is that one can then more readily examine
the interplay between Tg calibraion and the inverse problem of geophsical retreivals, as is discussed in Sections 2
and 3. This is one of the major strengths of the V7 calibration: the simultaneous consideration of Ty calibration and
the resulting geophysical retrievals. A direct extension of this methodology is the closure analysis, which is provid-
ing us with a valuable new calibration tool.



The fact that the V7 calibration adjustments are done in terms of physical rather than ad hoc quantities
provides the likelihood that the ocean-based calibration is also applicable over land and ice. Preliminary results to
be published later suggest that this is indeed the case and that a separate calibration for land and ice is not necessary.

The accuracy of the RTM is an important consideration. We are using RSS’s latest RTM (also called V7),
which represents many years of development and refinement [Wentz, 1983; Wentz, 1997; Wentz and Meissner, 2000;
Meissner and Wentz, 2002; Meissner and Wentz, 2003; Meissner and Wentz, 2004; Meissner and Wentz, 2012]. The
results herein are suggestive of the RTM’s relative accuracy. In particular, the closure results for F13 presented in
Figure 6 below show consistency between the RTM and the observations at the 0.1-0.2 K level over the full range of
ocean latitudes and over the full mission of F13. Although adjustments were applied to F13 to match the RTM in a
mean sense, the degrees of freedom of these adjustments by itself is insufficient to account for the good agreement
everywhere. Many other analyses herein clearly show the ability to detect errors at the 0.1 K level. From this, we
conclude the RTM in a relative sense over the full range of environmental conditions (excluding rain) is predicting
Tg to an accuracy near 0.2 K and certainly better than 0.5 K. It is more difficult to assess the absolute accuracy of
the ocean RTM and a more formal assessment still needs to be done. However, considering the fact that RTM pre-
dicts polarization ratios at an absolute accuracy of about 0.2 K (see Section 5), an absolute accuracy of 0.5 K is not
an unreasonable expectation. Considering that the prelaunch error in the absolute calibration of the SSM/I due to
knowledge error in the antenna spillover and effective target temperatures can easily be 2 K, the ocean RTM is the
better calibration reference.

We conclude the introduction with a brief description of the SSM/I characteristics. The SSM/I is a conically
scanning sensor that measures the natural microwave emission coming from the Earth in the spectral band from 19
to 85 GHz. The scan period is 1.89 s, and the conical scan results in a nearly constant Earth incidence angle of
53.3°. The lower frequency (19-37 GHz) observations are collected every other scan, and the 85 GHz observation
are collected every scan. For a given scan, 64 samples are taken for 19-37 GHz channels and 128 samples for the 85
GHz channels. Table 1 gives some basic information about the SSM/I channel set.

This document assumes the reader in familiar with the SSM/I from both a hardware standpoint and an analysis
standpoint. The following references provide ample information in these two areas: Hollinger et al. [1987], Wentz
[1988, 1991, 1993, 1997]; Colton and Poe [1999]; Hilburn and Wentz [2008], Wentz [2010]. In addition, the Ap-
pendix provides time series of thermistors readings and Earth incidence angle for each SSM/I.

Table 1. SSM/I Channel Set

Designation Frequency Polarization Integration Time | 3 dB Footprint 3 dB Footprint
Cross-Scan Along-Scan
19v 19.35 GHz Vertical 7.95 ms 69 km 43 km
19H 19.35 GHz Horizontal 7.95 ms 69 km 43 km
22V 22.235 GHz Vertical 7.95 ms 50 km 40 km
37V 37.0 GHz Vertical 7.95 ms 37 km 28 km
37H 37.0 GHz Horizontal 7.95 ms 37 km 29 km
85V 85.5 GHz Vertical 3.89 ms 15 km 13 km
85H 85.5 GHz Horizontal 3.89 ms 15 km 13 km

(Note herein ‘SSM/Is’ is the plural for SSM/I as opposed to ‘SSM/IS’ which is the follow-on sensor for SSM/I.)




Local Ascending Node Time

24

21

15

12

0
1987 1990 1993 1996 1999 2002 2005 2008 2011
Years

Figure 1. Local time for the ascending node. Each SSM/I is shown in a different color.



2. Basic Formulation

The output of a microwave (MW) radiometer is a voltage that is converted to integer counts for the telemetry
downlink. The first step of the calibration process is to convert these voltage counts to an antenna temperature T,
which is discussed in Section 4. By definition, T, is a measure of radiant power entering the feedhorn. It is the
brightness temperature (Tg) of the surrounding environment integrated over the gain pattern of the SSM/I parabolic
reflector and feedhorn assembly. In orbit, about % of the surrounding environment consists of cold space at a tem-
perature near 2.7 K, and the remaining ¥ is the Earth, which has a brightness temperature Tg between 100 and 300
K, depending on the scene. Thus, the antenna temperature is biased low relative to the Earth Tg, and this is called
the spillover effect. In addition, some Earth scenes are very polarized, particularly the oceans, and the antenna gain
pattern tends to mix polarizations. As a result, the antenna temperature is not as polarized as the Earth Tg, and this
is called the cross polarization coupling effect. Section 5 expresses the relationship between T, and Tg as

T = F(TB) 1)

where Tg and T, are the brightness temperatures and antenna temperatures for the 7 SSM/I channels. Herein, we
use boldface to denote the array containing the full channel set of values. When expressed in non-boldface, it is the
same quantity but for a single channel. The antenna function I depends on the antenna spillover # and cross
polarization coupling y, as definded in Section 5. The inverse of this relationship is called the antenna pattern cor-
rection (APC) and provides the means to retrieve brightness temperature values from the T, measurements:

To=T"(T,) 2)

The calibration process is done in terms of T, rather than Tg because the former is the more fundamental
measurement. A Tg value is a mixture of two SSM/I channels, and working in terms of Tg would make it more dif-
ficult to separate calibration problems coming from different channels. There are other reasons for doing the calibra-
tion in terms of T which as discussed later.

The Version-7 calibration is heavily based on RSS most recent ocean radiative transfer model (RTM), which is
also called V7. The basics of the ocean RTM are described by Wentz [1997] and Wentz and Meissner [2000]. More
recent updates include Meissner and Wentz [2002, 2003, 2004, 2012]. The full RTM described [Wentz and
Meissner, 2000] involves an radiative emissive and scattering rough ocean surface along with vertical integrations
through the atmosphere. It has been shown that the full RTM is well represented by a simplified RTM, which
herein we denote by the function ¥:

TB,rtm = \P(Ep) (3)
TA,rlm = 1—‘|:‘P(Ep )] (4)
E,= [TS,W,¢W,V,L] (5)

where Tg tm and T rm are the TOA Tg and T corresponding to the 7 channels. The set of environmental paramters
(Ep) includes sea-surface temperatue (Ts), sea-surface wind speed and direction (W, ¢,), columnar water vapor (V),
and columnar liquid cloud water (L). Rain need not be considered because we exclude area of rain when doing the
calibration. There are also secondary dependences such as the shape of the vapor and cloud vertical profiles in con-
junction with the atmospheric temperature profile. The function W(E,) is derived so that the effect of these second-
ary dependences when averaged globally over monthly time scale goes to zero. Implicit in (3) and (4) are the sensor
parameters including the incidence and azimuth viewing angles 6; and ¢; and the observation frequency.



In an important sense, the retrieval algorithm is the inverse of the RTM. For the retrieval algorithm, the inputs
are either Tg or T, measurements, and the output is the environmental parameters. We let ¥ denote the retrieval
algorithm while acknowledging that it is not a simple mathematical inverse of the RTM W¥. For SSM/I, there is not
enough orthogonal sensitivity in its 7 channels to retrieve T, and ¢,, and these two parameters are treated as a priori
arguments coming from NCEP fields. Thus the retrieval algorithm is denoted by

Ep:lljil[TAlTs'¢w;77!Z] (6)

where T, denotes the input set of antenna temperatures for the different SSM/I channels. Formulating the retrieval
algorithm in term of T4 rather than Ty requires that # and y also be included as additional a priori arguments, and
the retrieval algorithm is trained using simulated T s rather than Tgs. Our motivation for using a T a-based retrieval
algorithm is discussed in Section 5.

The degree to which the retrieval algorithm is a functional inverse of the RTM is determined by computing
closure. This is done by inputting the three retrievals (W, V, L) into the RTM to predict the 7 SSM/I Ts. This clo-
sure calculation is represented by

TA‘rtm :1—‘{‘11{\1171 [TA |Tsv¢w177’z]}} (7)

and the degree of closure is measured by the difference between the RTM T4 minus the measurement T a:

oT,

Aclosure

= TA - TA,rlm (8)

There is no guarantee that one can precisely recover the 7 Tas given just 3 retrievals. Deficiencies in the RTM
and/or retrieval algorithm along with calibration errors in the T,s will all degrade the closure. We will show that at
this point in our development cycle the deficiencies in the RTM and retrieval algorithm are quite small, and
& T aclosure 1S Mostly an indicator of calibration errors remaining in the T, measurements. When calibration errors are
removed, 8T a ciosure 1S typical 0.1-0.2 K or less when averaged regionally over weekly time scales (see Figure 6 be-
low). This high precision in closure allows us to achieve absolute calibration and inter-satellite calibration both in
terms of T, and E, simultaneously.

Much of the calibration work is based on comparisons between the T measurements and Ta . In addition,
we use direct comparisons of T measurements. When directly comparing T, measurements, it is necessary to nor-
malize the measurements to a common incidence angle and antenna function I" (i.e., common # and y). In addition,
since the azimuth viewing angles ¢; may be different for the two observations, the effect of wind direction on the
observations needs to be removed. This normalization is done by first converting the T, measurement to a bright-
ness temperature using (2). The brightness temperature is then normalized as follows:

T, =T, -¥(T,W,4,V,L;6)+¥ (T W,-V,L6,) ©)

where the prime sign denotes normalization, 6; is the actual incidence angle of the observation, and 6;,=53.25° is the
common incidence angle to which all SSM/I observations are normalized. The time series plot of ; in the Appendix
show that & is usually within £0.5° of ;. The second ¥ function in (9) is called the isotropic RTM for which the
wind direction dependence is set to zero. The normalized brightness temperature is then converted back to an anten-
na temperature. For this conversion back to T, a common spillover # and cross-pol coupling y are used for all 6
SSM/Is. We use the F13 5, y values. The normalized T, is then given by

TA =Ty (TEls ) (10)



3. Overview of Calibration Procedure

The first step in the calibration is to determine the antenna spillover 7 and cross polarization coupling y, there-
by establishing the absolute calibration of the SSM/I brightness temperatures. A prerequisite is to require that the E,
retrievals agree with in situ observation in an unbiased sense. The absolute calibration of wind speed is determined
from anemometers on moored buoys that are part of the NDBC, TAO, TRITON, and PIRATA arrays. Water vapor
absolute calibration is based on radiosonde and GPS measurements. For liquid cloud water, there are no in situ
measurements extensive and accurate enough to meet our requirements. In this case, we use a statistical histogram
method based on the fact that a significant portion of the SSM/I measurements will be free of clouds. This fact es-
tablished a well determined zero-point for a histogram of cloud water. See Wentz [1997] for details. The absolute
calibration criterion then requires that the mission-averaged T equals the RTM T4

(T = (Tarm) = <F[‘P(Ep )]> (11)

where the brackets denote an average over the entire mission of a specified SSM/I. The antenna parameters # and y,
which are the implicit arguments of T, are then adjusted to satisfy the equality, as is described in Section 5. Early on
in the calibration process, E, comes from earlier versions of SSM/I processing and from other collocated satellites
like WindSat. As the calibration process converges, E, is the retrievals from the particular SSM/I being calibrated.
Hence, a second SSM/I is not required by (11). The only requirement is that E, is unbiased relative to the in situ
observations. A final, small adjustment to » and y is done at the end of the calibration procedure to ensure precise
inter-satellite agreement of the geophysical retrievals, as is discussed later in this section.

The second step in the calibration is to find the relative calibration errors AT, for the 7 channels. These errors
are subtracted from T o, Which is the T measurement derived from the radiometer counts given by (19) in Section
4, in order to obtained the ‘true’ antenna temperature Ta:

T, =T, —AT, (12)

The relative errors depends on a number of parameters such as scan position, solar angles, position in orbit, etc., and
these are listed later in this section. A given relative error is derived so that its mission average is near zero:

(AT, )~0 (13)
In practice, the mission-average relative error will have a small bias depending on the details of how the mission-

average is done, but in general the bias is less than 0.1 K, which is much smaller than the biasing due to the adjust-
ments made to the antenna spillover and coupling. So the #, y adjustment drives the absolute calibration.

The relative errors are found from inter-comparing observations from pairs of SSM/Is that were in operation at
the same time. Table 2 gives the 11 pairs of overlapping SSM/Is. Two of these overlap are quite short: a few
months or less. Two other overlaps include the end of the F10 mission during which there were problems. This
leaves 7 overlaps that are considered primary and are used for calibration. Table 2 also shows the color coding that
is used in Figure 17 below to display the 11 overlaps.

Table 2. The 11 Pairs of Inter-Satellite Overlaps and Their Color Coding for Figures

Primary Short | Primary | Problem | Problem | Primary | Primary | Short | Primary | Primary | Primary

Fo8 FO8 F10 F10 F10 F11 F11 F11 F13 F13 F14

F10 F11 F11 F13 F14 F13 F14 F15 F14 F15 F15

Black Red | Green Blue Magenta | Cyan Orange | Black Red Green Blue




Two types of T, inter-comparisons are done as represented by the following equations.
oT, (i’j):TA(i)_TA,rtm(j) (14)
8T, (i,J) =T, (1)~ T (i) (15)

where we have introduced the indices i and j as arguments to denote a pair of collocated SSM/Is. The first type of
comparison (14) is between the T, measurement of one SSM/I versus the RTM T4 predicted using the E, retrievals
from a second SSM/I. The second type of comparison (15) is the same as the first, except that the T measurements
are first normalized to a common incidence angle and common 7 and y. In addition, the normalization also removes
the effect of wind direction. This normalization, which is denoted by the prime symbol, is accomplished by equa-
tions (9) and (10) and is intended to make the T measurements from two SSM/I directly comparable. For the first
type of inter-comparison, the collocation criterion is based on daily, ¥4° latitude/longitude maps. Separate maps are
made for the ascending and descending orbit segments. The collocation criterion is that for a given map, a %° cell
must contain observations from both SSM/Is. The collocation criterion is the same for the second type of inter-
comparison except the maps are 5-day (pentad), 1° latitude/longitude maps.

We consider the most important scientific criterion for inter-satellite calibration is that the collocated geophys-
ical retrievals from pairs of SSM/Is precisely agree. This is particularly important when constructing multi-decadal
time series from the 25 years of SSM/I observations. Thus as the final step in the calibration procedure, we require
the wind, vapor, and cloud retrievals from the pairs of SSM/I to precisely agree. In this case, the inter-satellite com-
parison is represented by

OE, (i.1)=E, (i)~E, () (16)

The SE(i, j) differences for the 7 primary overlaps are minimized by making small adjustments to the antenna pa-
rameters  and y. Adjustments to # and y produce changes in the retrievals as indicated by (6). While minimizing
OE (i, j), we continue to required that (11) is satisfied as closely as possible. Imposing these two constraints simul-
taneously (i.e., the minimization of 8E(i, j) and the T, agreement with the RTM) provides the final values for #
and y. When averaged over the overlap periods, the procedure minimizes the inter-satellite wind and vapor differ-
ences to about 0.01 m/s and 0.01 mm. After accounting for diurnal variation, inter-satellite cloud differences are
minimized to 0.0002 mm. In addition, the mission averaged T, minus Ta nm differences are typically 0.05 K.

There are 5 kinds of relative T, adjustments:

5
ATA = ATA,(n + ATA,ht + ATA,isat + ATA,drift + ATA,tf = ZATA,k (17)
k=1

1. AT, is the along-scan adjustment (Section 6
2. AT is the adjustment to the hot target temperature (Section 7)
3. ATajsat IS an adjustment that is unique and specific for the FO8, F10, and F15 SSM/I (Sections 8, 9, and 10)
4. ATaqrire IS @ Small drift correction applied to F11 and F13 SSM/I (Section 11)
5. ATy is the ‘target factor’ adjustment (Section 12)
These adjustments are found so as to minimize either 8Ta(i, j) or 8T a(i, j) as is explained in the subsequent sec-
tions.

The adjustments are derived one at a time. Once a given adjustment is found, it is applied to the T measure-
ment, and then the next adjustment is found. Once all adjustments are found, we repeat the procedure and find re-



sidual adjustments. The residual adjustments are very small (i.e., we get nearly the same adjustment the second time
around). For example according to this procedure, when equation (14) to find the n™ adjustment ATa p, the value of
Tain (14)is

TA = TAO - ZATA,k (18)
k=n
which says that all adjustments other than the adjustment currently being derived are applied to Tpo. The same
holds true when equation (15) is being used to derive the adjustment.

Using inter-satellite comparisons to find the AT, risks the possibility of calibration errors from one sensor ali-
asing into another. We call this sensor error crosstalk. To assess this problem, we experimented with many varia-
tions of the calibration procedure presented here, such as using different pairs of SSM/Is to derive the same adjust-
ments. For most types of errors, sensor error crosstalk does not appear to be a problem. As an example, when find-
ing the along-scan adjustment AT, 4, a given along-scan cell position for the first SSM/I will tend to randomly col-
locate with all the cell positions for the second SSM/I. As a result, the w-errors in the first SSM/I do not alias into
AT, for the second SSM/I. Furthermore, on the second iteration of the calibration procedure, the errors in the ref-
erence SSM/I are mostly removed. The one case where sensor error crosstalk is of concern is the F13 time drift,
which is discussed in Section 11.

Another question on the robustness of the calibration procedure is the orthogonality of the 5 adjustments. Can
a given calibration error be represented by more than one type of adjustment? The 5 types of adjustments have been
designed to be dissimilar so as avoid this problem. Also, we have gone through many iterations of the calibration
process, and the order of finding the 5 adjustments did not seem to really matter as long as two complete iterations
of all 5 adjustments is done. Furthermore, any creeping of a calibration error from one type of adjustment to another
has little effect on the overall calibration because the adjustments are added together. The only possible problem is
the interpretation of the individual errors sources may be a bit skewed.

A useful calibration tool is the degree of closure as expressed by (8), or equivalently by (14) with i = j. It
would be very convenient if 8T a ciosure COUlD be used to infer the T adjustments because one would then not need to
rely on collocations with another SSM/I. However, if the Ep from the same satellite to compute T rtm, then the er-
rors in E, due to calibration errors AT, would be highly correlated with AT, and this correlation would tend to hide
and/or distort the derivation of ATa. This is why we use the Ep from a different SSM/I to compute Tarim. The E,
errors from a second SSM/I are much less correlated with the AT4 errors of the first SSM/I. That is not to say
8T A closure 1S NOt useful. In fact, it is an extremely useful tool for verification and diagnosing residual calibration er-
ror as is shown in Section 8 for the FO8 SSM/I. The diagnostic 8T a qosure 1S best used as a final step after all known
calibration errors are removed.

4. Unadjusted Antenna Temperature

In computing the unadjusted SSM/I antenna temperature, the basic assumption is that the radiometer output
voltage expressed as counts is linearly related to the input power at the feedhorn expressed as Ta. Nonlinear effects
such as imperfections in the square-law detector and the IF amplifier compression are assumed to negligible. Under
these assumptions, antenna temperature is

— (Th _Tc)Ce +chh _Tth

T
A0 Ch _ Cc

(19)



where the subscript 0 denotes no adjustments have been made. The terms C,, C;, and C, are the radiometer counts
when the radiometer is looking at the cold calibration target, the hot calibration target, and the earth scene, respec-
tively. The temperatures T, and T, are the effective temperatures of the cold and hot calibration targets. Equation
(19) is simply expressing the assumption that the radiometer counts vary linearly as the scene temperature varies
fromT.to T,.

The first difficulty in the calibration process is accurately specifying T, and T,. For example, the cold target is
a mirror pointing towards cold space, which has a temperature of 2.73 K (i.e., the cosmic background temperature).
However, if the mirror is not a perfect reflector or if the mirror is receiving some radiation from other sources such
as the spacecraft or the Earth, the true value for T, will be greater than 2.73 K. The specification of T, is even more
difficult. In this case, one must infer T, from thermistor readings attached to the hot target. There will be some er-
ror in using these readings to estimate the effective emission temperature of the hot target. For example, thermal
gradients, both horizontal and vertical, over the extent of the hot target will cause problems. SSM/I has only 3 ther-
mistors attached to the hot target.

Our specification of the cold target temperature is

T =T, +0T

c c,plk c

(20)

The first term T g is the Planck-adjusted value of cold space. The relationship between radiation intensity and
temperature is given by Planck’s law. In the lower microwave spectrum, this relationship is nearly linear and the
Rayleigh-Jeans approximation is used. However as the frequency increases, the Rayleigh-Jeans approximation be-
gins to break down. This effect can be compensated for by adjusting the cold space temperature. By doing this, one
can continue to assume a linear relationship between radiation and temperature. This is standard practice and the
value for Tgp is 2.752, 2.761, 2.822, and 3.203 K for the four SSM/I frequencies (19, 22, 37, and 85 GHz). The
second term 8T, is a small offset we apply to account for radiation coming from sources other than cold space such
as the spacecraft and Earth. A value of 6T, = 0.3 K is used for all channels and all SSM/Is. This value assumes
0.2% of the radiation comes from the spacecraft and earth, which have a typical temperature of 150 K. We know
the effective temperature of the cold target must be higher than cold space, and the inclusion of 8T, is a small hedge
for this. We use this 0.3 K offset for all satellite MW imagers including AMSR-E, WindSat, TMI, and SSM/IS.

Our specification of the hot target temperature is

T, =T, therm +0T4 (21)

Jtherm

The first term Ty merm IS the hot target temperature derived just from the thermistors measurements, and the second
term 8Ty, is a small offset we apply to account for an overall bias in the effective hot target temperature. A value of
8Th = —1.0 K is used for all channels and all SSM/Is. The inclusion of 8T, results in slightly better agreement be-
tween the antenna spillover values derived herein and pre-launch values, as is discussed in Section 5. T sherm 1S giV-
en by

Th,therm = th + f(tp - th) (22)

The temperature t, is the average of the 3 thermistor readings attached to the hot target and the temperature t, is the
reading from the single thermistor on the SSM/I drum plate facing the hot target. The coefficient ¢ is a value de-
rived from prelaunch thermal-vacuum measurements, and its value is 0.01 [Hollinger et al., 1987]. Equation (22) is
saying 99% of the hot target radiation is coming from the hot target itself and 1% of the radiation is coming from the
reflection of the drum face off the hot target. For the F13 SSM/I, only hot-target thermistor 2 is used for t, because
the other 2 thermistors displayed considerable noise [Colton and Poe, 1999].



Noise in C. and C;, is reduced by averaging measurements from adjacent scans. We use a time window of +12
seconds centered on the scan being processed. If there are no data gaps, this time window will include 13 scans.
For the 19-37 GHz channels, calibration counts are only collected every other scan. For 85 GHz, calibration counts
are collected every scan. For each scan, 5 calibration measurements are taken of the cold target and another 5 for
the hot target. Thus our +12 seconds time window provides 35 cold counts and 35 hot counts for each of the lower-
frequency channels and 65 counts at 85 GHz. This is a sufficient number of samples to reduce the noise in the cali-
bration counts to an acceptable level.

5. Absolute Calibration

As previously discussed, the antenna temperature is a measure of radiant power entering the feedhorn. It is the
brightness temperature of the surrounding environment integrated over the gain pattern of the SSM/I parabolic re-
flector and feedhorn assembly. This integration can be well approximated by [Wentz, 1991]

T =0 Tg + 20T + 7T

c,plk

(23)

a=p @9
where the spillover # is the fraction of received power coming from cold space and the cross polarization coupling y
is fractional power coming from the orthogonal polarization. The subscript i denotes polarization: i =v or h, and
the subscript j denotes the orthogonal polarization. When i = v, then j = h, and when i = h, then j = v. T is the
Planck-adjusted value of cold space given in Section 4. The inverse of this relationship is called the antenna pattern
correction (APC) and is given by

T, = quAi _ZiqiTAj +(Ziqi77,- _ani>TC,plk 5)

G;q; (1_7(0(]')

In the more abbreviated notation used by equation (1) and (2), we let the antenna function I'(Tg) denote the conver-
sion of Tg to T for all 7 SSM/I channels, and likewise F'l(TA) is the APC function for all channels.

There is no 22 GHz h-pol T, measurement for SSM/I, and hence (25) cannot be used to find the 22 GHz Tg.
To avoid this problem, the input to the geophysical retrieval algorithm is T, rather than Tg, and the calibration is
also done in terms of T, rather than Tg, as discussed in Section 2. This avoids having to convert the single-pol 22
GHz Tpintoa Tg.

Absolute calibration of the SSM/I T, measurements to the RTM as dictated by (11) can be obtained by varying
n and y so that the mission averaged T, measurements agree with RTM. Since there are two unknowns ( and y) for
each channel, the estimation must be constrained in some way. We make the assumption that # and y are the same
for both polarizations:

77v:77h
;(v =zh

(26)

For the dual polarization channels, the constraint imposed by (26) results in two unknowns for each polarization
pair. The parameters » and y are then varied to satisfy equation (11) for both polarizations.

At 22 GHz for which there is only the v-pol measurement, we need to employ an additional constraint to find
both n and y. The vapor retrievals for the F13 SSM/I are compared to collocated and validated WindSat vapor re-
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trievals. The validation of the WindSat vapor retrievals is based on comparisons with GPS values, and these com-
parisons show good, unbiased agreement over the full range of water vapor from 0 to 65 mm. The vapor retrievals
are driven by the 22-GHz measurements, and the 0 to 65 mm range corresponds to a range in the 22V T, of about 75
K. This provides enough dynamic range to estimate both the offset and the slope of the SSM/I minus WindSat va-
por difference. The parameters 5 and y are found so as to make the SSM/I vapor retrievals agree with Windsat while
satisfying equation (11). These two constraints then provide the means for finding both # and y at 22 GHz. The
value found for y is 0.01560 as compared to the pre-launch value of 0.00983. This is a small change, equivalent to
about 0.3 K in T. Rather than trying to do this type of analysis for each SSM/I, we simply use y2,,=0.01560 for all
SSM/ls. Having fixed y»,,, then 72, becomes the single parameter used to satisfy equation (11) for the other
SSM/Is.

Assumption (26) that the spillover and polarization coupling is the same for both polarizations is supported by
both pre-launch antenna pattern measurements and on-orbit SSM/I observations of heavily forested areas. Hollinger
et al. [1987] report the same FO8 SSM/I pre-launch spillover values for v-pol and h-pol. The reported polarization
difference in y ranged from 0.0006 to 0.005 (equivalent to about 0.05-0.25 K in T,). Pre-launch antenna measure-
ments of the other SSM/Is also indicate little polarization difference for  and y [Colton and Poe, 1999].

The other evidence that supports (26) is the SSM/I observations of heavily forested areas where the v-pol and
h-pol Tg are nearly the same. Setting Tg, = Tgy, in (23) gives

Th= (1_ Ui )TB + 77iTc,p|k (27)

Analysis of the SSM/I T, observations of these heavily forested areas shows little if any polarization difference.
Hence according to (27), this implies 7, = 7.

Tables 3 and 4 give the spillover and polarization coupling for the 6 SSM/Is respectively. These values are
from the final step in the calibration process that minimizes both 8E(i, j) and Ta - Tanm, as discussed in Section 3.
Figures 2 and 3 compare these spillover and polarization coupling values with those reported by Colton and Poe
[1999], which are derived from pre-launch antenna range measurements. For spillover, typical differences between
the values in Table 3 and the antenna range measurements are about 0.005. For an Earth scene of 200 K, this differ-
ence in # corresponds to 1 K. Spillover is a difficult parameter to infer from antenna range measurements, and an
error of 0.005 is certainly reasonable.

For polarization coupling, there is a systematic bias between the values we infer and the values inferred from
the antenna range measurements, with our values being higher. The exception is at 19 GHz, for which there is good
agreement. This might suggest that the y discrepancy, which is equivalent to about 0.5 K in Tg, may be due to a
polarization problem with RTM. However, when this same type of analysis is applied to WindSat, AMSR-E, and
SSMY/IS, we find y values in good agreement (0.2 K) with the ground-based measurement of y. Thus for SSM/I, we
attribute the y discrepancy to the ground-based measurements somewhat underestimating the polarization coupling.

It should be noted that an error in # and an error in the hot target temperature T, have nearly the same effect on
the calculation of Tg. They both introduce a multiplicative bias in Tz, The 1 K reduction of the hot target tempera-
ture as given by the thermistors (see Section 4) results in our derived spillover values shown in Table 3 and Figure 2
being 0.004 higher. As Figure 2 shows, this increase in # results in slightly better agreement with the pre-launch
values when considering all SSM/Is and all frequencies. We have observed the same phenomenon with AMSR-E,
WindSat, and SSM/IS: decreasing the thermistor T, by 1 K results in spillover values that better agree with pre-
launch measurements. Whether this is real (i.e, the effective temperature of the hot target is indeed a little less than
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the thermistor value) is difficult to say for sure. In any event, for nearly all applications it does not matter whether
you assign this small error to # or T,

For a given frequency, there is some variation of # and y among the 6 SSM/Is. The pre-launch values and our
values show about the same standard deviation among the 6 SSM/Is, except for the pre-launch spillover values for
22 GHz, which exhibit a relatively high standard deviation of 0.004. The standard deviation of our # and y among
the 6 SSM/I is about 0.0015 and 0.002, respectively. For an ocean scene of 225 K for v-pol and 175 K for h-pol, the
n variation of 0.0015 corresponds to about 0.3 K, and the y variation of 0.002 corresponds to about 0.1 K. Although
the pre-launch values and our values have about the same standard deviations among the sensors, the correlation
between the two sets of values is small. All R? correlations are below 0.3, except for the 85 GHz y values which
have a correlation of 0.89. Thus, when it comes to inter-satellite calibration at the 0.1 K level, there is a significant
difference between using the pre-launch #, y values and the values derived herein.

Table 3. Spillover (#) for the 6 SSM/Is

19GHz | 22 GHz | 37 GHz | 85 GHz
FO8 | 0.02893 | 0.02504 | 0.02272 | 0.02014
F10 | 0.02586 | 0.02419 | 0.01804 | 0.01679
F11 | 0.02670 | 0.02315 | 0.01975 | 0.01360
F13 | 0.02618 | 0.02406 | 0.02007 | 0.01697
F14 | 0.02735 | 0.02528 | 0.01894 | 0.01678
F15 | 0.02688 | 0.02359 | 0.01918 | 0.01748

Table 4. Polarization Coupling (y) for the 6 SSM/Is

19GHz | 22 GHz | 37 GHz | 85 GHz
FO08 | 0.00753 | 0.01560 | 0.03059 | 0.02650
F10 | 0.00665 | 0.01560 | 0.03376 | 0.03459
F11 | 0.00329 | 0.01560 | 0.03339 | 0.03194
F13 | 0.00518 | 0.01560 | 0.03283 | 0.02919
F14 | 0.00633 | 0.01560 | 0.03093 | 0.02962
F15 | 0.00777 | 0.01560 | 0.02882 | 0.03013
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Figure 2. A comparison of the spillover » values obtained from pre-launch antenna range measurements [Colton
and Poe, 1999] versus the values derived herein using the ocean RTM as the absolute calibration reference.
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Figure 3. A comparison of the polarization coupling y values obtained from pre-launch antenna range measure-
ments [Colton and Poe, 1999] versus the values derived herein using the ocean RTM as the absolute calibration ref-
erence. The pre-launch values are systematically lower than those derived from the RTM. Other MW sensors like
WindSat show better y agreement with the RTM.
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6. Along-Scan Correction

One of the first SSM/I calibration problems that was detected was an along-scan error [Wentz, 1991]. Towards
the end of the Earth scan, the cold target mirror begins to intrude into the field of view of the feedhorn. As a result,
the T, measurements exhibit a systematic roll-off of about 1 K at the end of the scan. Our model for the along-scan
error is to assume the radiation entering the feedhorn is a combination of Earth radiation Ta eqrtn reflected off the par-
abolic antenna and cold space radiation Ty reflected off the cold target mirror:

TAO = |:1_ B (a))]TA.eanh +H (a))Tc,pn( (28)

where p(w) is a function of the along-scan position w. Since Ta ety iS the desired quantity, the required adjustment
according to (12) and (28) is

ATy, = (TAO _Tc,plk) (29)

Of the five relative T, adjustments, the derivation of along-scan correction AT, , is probably the most straight-
forward and provides a good example of how inter-satellite T, differences are used for the derivation. In this case
we use the inter-satellite T, differences 8Ta(i, j) defined by (14). Table 5 lists the i, j sensor pairs use to determine
w(w). 8Ta(i, j) represent millions of collocated sensor-i minus sensor-j Ta differences. As discussed in Section 3,
when computing 8Ta(i, j) all adjustments are applied other than the AT, currently under consideration. Thus the
assumption can be made that 3Ta(i, j) equals AT,,. This assumption becomes more rigorous as the calibration pro-
cedure iterates and the various adjustments converged. Assuming 3Ta(i, j) = AT, and inverting (29) to yield W(w)
gives

w(o)= ST

- 30
STa (1)~ (Tao = To ) 0

There are 64 scan positions for the 19-37 GHz channels and 128 positions for 85 GHz. Averages of u(w) are
found for each scan position thereby creating p(w) tables. Figure 4 shows the p(w) tables for all satellites and all
channels. The color coding used to display the 7 different channels is given in Table 6. Table 6 also gives the color
coding for figures to be presented later in which the colors denote the 6 different SSM/Is. It should be noted that we
also tried other pairs of sensors (i.e., different from Table 5) and got essential the same p(w).

Table 5. Pairs of Sensors Used to Determine Along-Scan Correction p(w)

SSM/I being calibrate: i | Sensor Used to Specify Ep: j
FO08 F10
F10 F11
F11 F13
F13 WindSat
F14 F13
F15 F13
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Figure 4. The along-scan correction that is applied to the SSM/I Ta. To show these results in terms of a value in-
dicative of the T adjustment, pu(w) has been multiplied by 200 K. The adjustment has the effect of increasing T at
the end of the scan to compensate for the intrusion of the cold mirror into the field of view. The 7 colors correspond
to the 7 channels as indicated in Table 6. The 85 GHz channels show a 0.05 K saw-tooth pattern presumably due to

a small mismatch in the integration timing.

Table 6. Color coding for figures displaying 7 channels or 6 SSM/Is.

Black | Red | Green | Blue | Magenta | Cyan | Orange
Color Code for Channels | 19V | 19H | 22V | 37V 37H 85V 85H
Color Code for SSM/Is FO8 | F10 | Fl11 F13 F14 F15
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7. Adjustments to the Hot Target Temperature

As discussed in Section 4, the specification of the hot target temperature T, is problematic. One must infer T,
from thermistor readings attached to the hot target. However, there will be some error in using these readings to
estimate the effective emission temperature of the hot target. For example, the SSM/I has only 3 thermistors, and
thermal gradients, both horizontal and vertical, over the extent of the hot target will introduce error. Such problems
have been reported for both WindSat and the F16 SSM/IS [Twarog et al., 2006; Sun and Weng, 2008]. Herein, we
find a similar problem for the SSM/Is.

The hot target temperature adjustment is found in a way analogous to that described in Section 6 for the along-
scan correction. The change to T due to an error AT, in specifying the hot target temperature is given by

TA_TC
T,—T

c

AT, = AT, 31)
This is equivalent to adding AT}, to Ty, in equation (19). Following the procedure described in Section 6, the assump-
tion is made that 8Ta(i, j) = ATan and (31) is inverted to yield AT,

T,-T

ATh :ﬁé‘TA(I,J) (32)

c

To obtain a more robust estimate for ATy, the assumption is made that AT, is polarization independent (i.e., same for
v-pol and h-pol). There is good physical and empirical justification for this assumption. Assuming ATy, is inde-
pendent of polarization allows the usage the following linear combination of v-pol and h-pol T differences:

ﬂAx(ivj):ﬂAv(i:j)_KgTAh(ivj) (33)

where the weighting coefficient x = 0.53. This linear combination is selected because it is very insensitive to varia-
tions in the atmosphere moisture (i.e., V and L). Over the oceans, changes in atmospheric absorption due to either V
or L affect h-pol about twice as much as v-pol, and hence 8Ta(l, j) is largely insensitive to these changes. The larg-
est source of error in computing 3Ta(i, j) is the specification of V and L for T m(j), and using (33) greatly reduces
this error. Combining (32) and (33) gives

(Ty —Te) 0T (i, 1)
To—To—x (T —T,)

\'J C

AT, = (34)

Equation (34) cannot be used for the 22 GHz channel because there is only a v-pol measurement. For this case, we
use the 19 GHz AT}, to specify the 22 GHz value.

Analyses of hot target errors for WindSat [Twarog et al., 2006] and SSM/IS [Sun and Weng, 2008] indicate
that at certain points in the orbit the sun shining on the hot target produces thermal gradients that are not captured by
the thermistors. These events are typically characterized as ‘solar intrusions’ where the solar radiation either direct-
ly or via a reflection impinges onto the hot target. For these events the effective temperature of the hot target is not
adequately represented by T merm- The geometry of the solar intrusions can be complex with both direct and reflect-
ed intrusions causing problems. For the SSM/Is, rather than trying to explicitly model the geometry of the intru-
sions, we simply assume AT}, is a function of the sun’s azimuth angle « and polar angle g as measured in the space-
craft coordinate system for which the z-axis points up away from nadir and the x-axis is the spacecraft velocity vec-
tor. We denote this function by ATy, (o, £). Equation (34) is then used to make tables of ATy (a, f5).
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The derivation of ATy, (a, B) requires a pair of collocated SSM/Is, and the pairs used are shown in Table 5. For
the FO8 SSM/I the only period of overlap is with the F10 SSM/I for one year, and during this year the F10 data have
numerous gaps. We decided there was insufficient data to derive AT, (o, ) for FO8 and simply set it to zero. The
derivation of AT, (a, ) for F10 was problematic. The ATy (a, £) values were considerably larger than found for the
other 4 SSM/Is (F11 through F15). Also the F10 AT}, (a, ) derived from the different frequencies did not resemble
each other nor did the ATy, (a, §) derived separately from v-pol and h-pol. The other SSM/Is show similar ATy, (a, f5)
among the various frequencies and polarizations. In addition, we also found that the error for a given region in o,
space varied over the course of the mission, suggesting that other, time-dependent error source are in play for F10.
We concluded that the 8T,s we are seeing for F10 are mostly do some other effect not related to a hot target error
(see Section 9). Hence we set the F10 AT, (o, f) to zero.

F11 through F15 all show reasonable values for AT, (a, ) that are spectral consistent and range from +1 K.
Since 22 GHz does not have a h-pol channel, 8Ta,(i, j) cannot be computed. Instead for 22 GHz, we use the 19 GHz
ATy (o, p). Since SSM/I employs a single feedhorn, we do not expect ATy, (o, ) will depend strongly on frequency.
In spite of using the linear combination of v-pol and h-pol, atmospheric noise at the highest frequency of 85 GHz is
still somewhat large, and we consider it best to simply set the 85 GHz ATy, (a, f) to that found for 37 GHz. Figure 5
shows 19 and 37 GHz hot target adjustments for F11 through F15.

In addition to ATy (a, f), there is a second adjustment that is made to the hot target temperature. This adjust-
ment, which is applied to all SSM/Is, is based on the difference between the evening (pm) and morning (am) T
measurements, and is denoted by ATy(y, t), where y is the spacecraft angular position in orbit and t is time. The
angle w equals 0 when the spacecraft is at its southern-most position in the orbit. This adjustment is modeled by a
small but very systematic error we see between the pm and am measurements that we do not believe is due to real
diurnal effects. The ATp(y, t) adjustment is quite small, typically being £0.2 K, and never exceeds 0.5 K except at
the very end of the missions for F10 and F15. The adjustment takes the form

AT, (‘//’t) = [Go +G, (t) +Gqs (tasc )]Sin 4 (35)

where G, is a constant that just depends on channel number and Gy(t) is a slowly varying function of time t that is
independent of channel number. The last term Ggs(t.sc) is a special adjustment only applied to the 85 GHz channels.
The derivation of these three terms and an explanation of how they are separated from the natural diurnal variation
of E, is given in Section 13.

The two hot target adjustments are then added together to obtain the total correction:

AT, = AT, (o, B)+ AT, (w.t) (36)
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Figure 5. Adjustment to the hot target temperature ATp(e, ) to account for solar heating of the hot target. The two
columns correspond to the adjustment applied to the 19/22 GHz channels and the 37/85 GHz channels. The 4 rows
correspond to F11 through F15. This adjustment is not used for FO8 and F10. The x-axis is the sun azimuth angle a

and the y-axis is the sun zenith angle g relative to spacecraft coordinates. The color bar goes from -1 K to +1 K.
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8. Closure Tests and the FO8 SSM/I Calibration Adjustment

As discussed in Section 3, a very useful calibration tool is the degree of closure as expressed by (8) or equiva-
lently by (14) with i = j. Closure is essentially a consistency test between the calibrated T, measurements and the
geophysical retrievals. Figure 6 shows 8Ta coesure PlOtted versus spacecraft orbit position y and time for the F13
SSM/I. In addition to v-pol and h-pol, results are shown for the linear combination V-0.53H, which is insensitive to
atmospheric variations. Excellent closure results are obtained from the lower-frequency channels, for which the
ST A closure Teatures are of the order of 0.2 K over all y and time. The 85 GHz results show larger features due to the
heavy influence of the atmosphere at this highest frequency. In the 85-GHz plot of V-0.53H, these atmospheric
related features are substantially reduced, although a small drift over the mission life seems to persist for which we
have no explanation.

The other SSM/Is show similarly good closure results except for FO8 and F15 after the RADCAL beacon is
turned on (see Section 10). For the FO8 SSM/I, 8T a ciosure ShOWS abrupt changes, as shown in Figure 7 by the verti-
cal bars. The cause of these abrupt changes is unclear. It is hard to imagine either the cold or hot target could
change this abruptly. The only explanations we could envision are some type of intermittent RFI or a non-linearity
problem with the receivers. We decided to model the effect as a non-linearity problem.

The effect of a receiver non-linearity on T, can be modeled as follows:

(TA _Tc )(Th _TA)
(TA,ocean - Tc ) (Th - TA,ocean

ATA,FOSnI = ) Apgs (t) (37)

where Argg(t) is a measure of the non-linearity in terms of Kelvin. This expression has the required property that the
non-linearity has no effect with the scene temperature T, equals either the cold target or hot target temperature.
Since Argg(t) is derived from rain-free ocean observations, the proper normalization for (37) is obtained by using the
global mean ocean antenna temperature Ta ocean iN the denominator. The values for Ty ocean are given in Table 7. The
non-linearity adjustment is not sensitive to the exact values used for Ta ocean DeCause any change in for T gcean Would
be mostly be compensated for by a change in the derived value of Aggg(t).

An analysis of the results in Figure 7 reveals that the 19 GHz channels are the primary cause of the problem.
The problem seen at 37 GHz is due to the Tx errors in the 19 GHz channels producing errors in the cloud water re-
trievals, which are then used to compute the RTM T, at 37 GHz. This conclusion is supported by the fact that the
37 GHz V-0.53H plot is relatively free of error features. As indicated by (37), the non-linearity is represented as a
simple function of just time, and we assume only the 19 GHz channels are affected. The Argg(t) timeseries for 19V
and 19H are found by setting AT rogn t0 8T a ciosure, @Nd then inverting (37) to give Apgg(t). Figure 8 shows the re-
sults.

This non-linearity correction is the only sensor-specific adjustment we apply to FO8 and hence

ATA,F 08 — ATA,F o8nl (38)

Table 7. Calibration Parameters Depending Just on Channel Number

19v 19H 22V 37V 37H 85V 85H
Globally Averaged Ocean Ta (K) 191 115 216 209 154 252 222
F10 EIA Correction Coeff. u (K/deg) | —0.0306 | 0.0647 | —0.1255 | —0.0012 | 0.0978 | —0.0114 | 0.0455
F15 RADCAL Offsets Hy (K) -0.05 0.25 -0.31 0.08 0.46 0.18 0.68
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Figure 6. The F13 SSM/I closure residual 8 Ta ciosure (K) plotted versus spacecraft orbit position y (y axis) and time
(x-axis) for v-pol (first column), h-pol (second column), and the linear combination V-0.53H (third column), which
is insensitive to atmospheric variations. The color bar goes from -1 K to + 1 K.
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Figure 7. The FO8 SSM/I closure residual 8 Ta ciosure (K) plotted versus spacecraft orbit position y (y axis) and time
(x-axis) for v-pol (first column), h-pol (second column), and the linear combination V-0.53H (third column), which
is insensitive to atmospheric variations. The color bar goes from —1 K to + 1 K. The 85 GHz channel is not shown
because these channels failed for FO8. The vertical bars in the 19V and 19H plots indicate a calibration error for

FO8.
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9. Calibration Adjustments Specific to the F10 SSM/I

Due to a malfunction in the launch of F10, the spacecraft did not end up in the desired orbit. Its orbit was more
elliptical than the other SSM/Is. Also the internal temperature of the electronics, as measured by a thermistor, was
unusually high. After some erratic fluctuations during the first few months after launch, the temperature of the elec-
tronics stabilized to a range between 318 and 326 K (see Figure 3A in the Appendix). This is considerably hotter
than the other SSM/Is, which have an internal temperature around 300 K. The one exception is the FO8 SSM/I, for
which the internal temperature each December rises to about 320 K, and this unanticipated rise in temperature dam-
aged the FO8 85-GHz receivers. Subsequent to F08, the thermal insulation around the sensor was adjusted to elimi-
nate this heating problem. We assume that the very hot temperature experienced by F10 is due to its anomalous
orbit.

As discussed in Section 7, the errors in the F10 observations did not look like hot target errors, and we seek to
find some other explanation. One possible cause of the F10 Ta errors is the receivers are not functioning as de-
signed due to their high temperature. Possibly, some of the F10 receivers degraded in such a way that they no long-
er have a linear response function. There is no way of telling for sure, but this was the only hypothesis we could
find to explain the F10 Tx errors. So we use the same non-linearity model (37) that was used in Section 8 for F08.

(Ta =To)(T, =T

AT
-T)(T - T,

AF10n = Apy (p it (39)
§ jheelrt)

A,ocean ,ocean
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where Ario(w,t) is the non-linearity error function for F10 and is a function of the spacecraft orbit position w and
time t.

Following the procedure described in Section 6 and 7, the assumption is made that 3Ta(i, j) = ATa r1on @and (39)
is inverted to yield Agyo(y,t). A tables of T'ryo(y,t) are thus made. For 8Ta(l, j), we used both the (F10, FO8) pair and
the (F10, F11) pair so as to cover the complete F10 mission. When the Ago(y,t) maps were first made, some of the
features looked very much like water vapor V and cloud liquid water L artifacts. The F10 SSM/I local observation
time is about 3 hours later in the day than the FO8 and F11 SSM/Is, and hence the collocation is not that good. Er-
rors 8V and 8L in specifying V and L for F10 will produce errors in 8Ta(i, j). Assuming that part of the 8Ta(i, j) dif-
ference is due to 8V and 6L, we developed a simple linear retrieval algorithm that finds 8V and 8L so as to minimize
the variance of 8Tx(i, j) over the 7 channels. These 8V and 8L errors are then removed from 8Ta(i, j). This analysis
indicated that nearly all the features seen in the original 19H and 37H Agyo(y,t) maps are due to 8V and 6L, and
Ar1o(w,1) is set to zero for these 2 channels. Figure 9 shows Ario(w,t) for the other 5 channels, having first removed
the 6V and SL errors. The 85H channel looks particularly bad; reminiscent of the problem experienced by the FO8
SSM/I 85 GHz channels, which also operated at a very hot temperature.

There is one other adjustment that is made to the F10 SSM/I. This adjustment relates to the F10 elliptical orbit.
The angle of perigee of the F10 orbits has a fixed period of 122 days over the course of the mission. As a result, the
Earth incidence angle 6; for F10 also exhibits a 122 day cycle (see Figure 4A in the Appendix). For the two equator
crossings (ascending and descending), the following expression holds

360° (tyy — 1, )
6, =6, +0.6c0s| ———~ 27 (40)
122

where 6, is the nominal incidence angle, tg,, is time in terms of days, and t, is the phase. The plus sign is for the
ascending crossing and the minus sign is for the descending crossing. Hence the ascending minus descending 6,
difference has a very strong 122-day modulation of 1.2°.

An analysis of the F10 T’s and geophysical retrievals, particularly vapor, reveals ascending minus descending
differences that had a periodicity of 122 days. Even though these T, and EP differences are very small, they could
be clearly detected due to their fixed harmonic nature. Possibly the RTM and geophysical retrieval algorithm are
not modeling the Earth incidence angle (EIA) effect precisely enough. We found that adding the following second
term to the F10 T, adjustment completely corrected the problem:

ATA,HO = ATA,FlOnI +u (6’| - glo) (41)

where the p coefficient is found by regression and is given in Table 7. The magnitude of this correction is about
+0.04 K except that the 22V channel is larger being £0.08 K.

The F10 elliptical orbit provides the means to assess the accuracy of RTM EIA functionality. For v-pol, the
derivative 8T /00; is about 2 K/deg. Hence the 122-day modulation of 1.2° corresponds to a 2.4 K modulation in Ta.
The maximum residual error in modeling this modulation is 0.08 K. This indicates the RTM is modeling the EIA
effect to an accuracy of 3%, or better.
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10. Adjustment for the F15 RADCAL Beacon

On 14 August 2006, a radar calibration beacon (RADCAL) was activated on F15. This radar interfered with
the SSM/I, primarily the 22V channel. We apply a correction to the F15 SSM/I to mitigate the RADCAL interfer-
ence. This correction was derived by Hilburn and Wentz [2008] and Hilburn [2009] and is given by

AT, 15 = Ho + H, ()(79.8977 - 0.518557t, +851691x10™*t; ) 42)

where w is the along-scan position angle and t, is the average temperature of the 3 thermistor readings attached to
the hot target. H, are small offsets that are applied to the each channel and are given in Table 7. Hy(w) is only ap-
plied to the 22 GHz channel and is a table of 64 values corresponding to the SSM/I scan positions. Hj(w) is shown
in Figure 10. When computing (42), if t,, falls outside the range 250 to 298 K, it is set to 250 or 298 K. The offsets
Ho are found by looking at 8TA(15, 13) before and after the beacon was turned on.

The RADCAL correction was found some time ago and can be improved upon using closure analysis. Figure
11 shows the closure residual 8Ta ciosure PlOtted versus spacecraft orbit position y and time for F15. This figure is
analogous to Figures 6 and 7. Excellent closure results are obtained up until the RADCAL beacon is turned on.
Then, the interference from the beacon produces closures errors of the order of +1 K. Most of the closure errors
shown in Figure 11 are due the 22V channel not being fully corrected, and as a result there are errors in the vapor
retrievals, which in turn affect the 8Ta cosure TOr all channels. This hypothesis is supported by the fact that the V-
0.53H closure results, which are insensitive to vapor, show little error. These results indicate more calibration work
is required for F15, and until this is done, some caution should be exercised when using the post-RADCAL F15 re-
trievals for climate research.
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Figure 10. The RADCAL H;(w) function plotted versus scan position.
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11. Early Mission Time Drift Corrections for the F11 and F13 SSM/I

There are two indications that the F11 SSM/I T s exhibited a small drift during the first two years of the mis-
sion. The primary indication is that the F11 wind speed retrievals for the first two years were low relative to collo-
cated scatterometer wind speeds obtained from the ERS-1 satellite. This is further supported by a completely sepa-
rate analysis looking at histograms of wind speed retrievals from F11. This analysis showed a slight negative shift
of the left edge of the histograms (i.e., the position of the histogram for wind=0) for the first two years relative to the
rest of the F11 mission. The second indication of a small drift is that the F11 vapor retrievals were slightly high
relative to the F10 vapor retrievals during the first two years of overlap between the two satellites. These effects
were largest during the first year (—0.2 m/s in wind and +0.1 mm in vapor), and then reduced in the second year, and
were barely noticeably in the third year. Direct comparisons of the F11 T,s with F10 seemed to suggest the problem
was with the F11 37 GHz channels, albeit F10 has its own calibration problems. We experimented with different
ways to adjust the T s, and found the simplest and smallest adjustment that would fix both the wind and vapor drift
is the following

1995-t,,,. \*
ATA,drift,Fll =10.15 T (43)

where this adjustment is just applied to the 37 GHz channels and the plus (minus) sign is used for 37V (37H). The
adjustment is only applied prior to 1995. The adjustment is quite small, being a maximum of +0.15K when F10
began operation in December 1991. After 1994, extensive cal/val activities indicate the F11 SSM/I is very stable.

The F13 SSM/I began operation in May 1995. Previous comparisons of the early mission F13 T s with the
F11 Tas showed slow time variations in the difference, but only during the first 18 months of F13 operation. These
F13-F11 T, differences are hard to explain. In general, F13 seems to be stable and well calibrated. Except for the
first 18 months, the F11 and F13 SSM/Is track each other extremely well. We elected to assign the problem to F13
assuming it was some sort of early mission stabilization. The Wentz [2010] correction is shown in Figure 12 and is
small being —0.1 to +0.2 K at the begin of the mission The more recent analysis presented herein supports this pre-
vious finding, and we use the Wentz [2010] correction to specify AT grir for F13.

Rather than assigning the time drift to F13, we could have applied it to F11. This is an example of sensor error
crosstalk discussed in Section 3. In this case, there is no definitive way to assign the error to one sensor or the other.
We somewhat arbitrarily assume it is an early mission problem for F13.
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Figure 12. Early mission time drift AT grie for the F13 SSM/I. The 7 colors correspond to the 7 channels as indi-
cated in Table 6.
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12. Target Factor Adjustment

The idea of the “target factor’ adjustment comes from calibration work done for NOAA’s Microwave Sounding
Unit (MSU) and the Advanced Microwave Sounding Unit (AMSU). The MSU and AMSU are atmospheric profil-
ers that measure air temperature in different layers of the atmosphere. Much work has gone into the inter-satellite
calibration of this series of MSU/AMSU that starts in 1979. In many aspects, this calibration work is similar to that
discussed herein. One finding from the MSU investigations is that inter-satellite offsets are correlated with the hot-
target temperature [Christy et al., 2000; Mears et al., 2003]. It is not clear why such a correlation exists, but possi-
bly it is related to non-linearities in the radiometer response function. We include this target factor term in our
SSM/I1 error model to see if it explains some of the observed inter-satellite T variation. This term is given by

ATA,tf = 5 (Th - <Th >) (44)

where & denotes the target factors and <T> is the mission-averaged hot-target temperature, which is given in Table
8.

The target factors are found by solving a set of simultaneous linear equations, similar to that described by
Mears et al. [2003]. The T, measurements are first adjusted to remove all error terms other than AT,y These ad-
justed T s are then normalized to a common incidence angle and antenna function and the dependency on wind di-
rection is removed as is specified by equations (9) and (10). Inter-satellite differences of these normalized Tas as
defined by (15) are then:

é‘TA’(i’ J) = §j (Th' _<Thj >)_§| (Thi _<Thi>) (45)

All 11 pairs of inter-satellite overlaps show in in Table 2 are used to solve (45). Thus, for a given channel number,
(45) represents 11 simultaneous timeseries. The target factors are found via standard least-squares estimation so as
to minimize the overall variance of 6T (i, j). There is too little variation in the F10 T, (9 K) to reliably find &y
(see Figure 1A in the Appendix). So the F10 target factor is constrained to be zero. Also on F08, the 85 GHz chan-
nels failed, and these target factors also constrained to be zero. Table 8 gives the target factors for all 6 SSM/Is and
7 channels.

For the MSU analyses [Mears et al., 2003], several sensors had ¢ values of 3%. However, for the SSM/Is the
largest & value is about 1%, except for the F15 37H and 85V channels, which have a somewhat higher & These
higher target factors for F15 are possibly an artifact of residual RADCAL problems. For the most part ¢ is below
the 1% level. This suggests the target-factor effect is not as serious of a problem for SSM/I as it is for MSU.

These V7 target factors are a little different than the Version 6 values given by Wentz [2010]. One reason for
the difference is that for V7 we apply the offsets 6T and 6Ty, to T and Ty. It can be shown that applying such offsets
to the calibration targets directly impact the estimation of &, The application of 8T, and 8Ty, increases the estimated
value of & by about 0.003. As a result nearly all of the V7 target factors are positive, with 3 minor exceptions (see
Table 9). Accounting for the 0.003 change, the typical differences between the V6 and V7 ¢ is about 0.001 (maxi-
mum difference is 0.003), with the exception of F15. The V6 calibration only used data through mid-2006. During
this period the F15 T, exhibited very little variation (7 K), and it was difficult to get a reliable estimate for & After
2006, the F15 T, exhibited much more variation (25 K), and a better estimate of & could be obtained when doing
the V7 calibration.
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Table 8. Mission-Averaged Hot Target Temperatures <T,> (K) and Target Factors &

FO8 F10 F11 F13 F14 F15
<T,> | 263.23 | 306.49 | 277.02 | 291.04 | 301.41 | 298.06
19v ¢ | 0.0008 0 -0.0016 | 0.0060 | 0.0051 | 0.0094
19H ¢ | 0.0051 0 0.0007 | 0.0053 | 0.0034 | 0.0113
22V ¢ | 0.0047 0 0.0023 | 0.0073 | 0.0070 | 0.0091
37V ¢ | -0.0016 0 0.0031 | 0.0071 | 0.0063 | 0.0082
37H ¢ | -0.0044 0 0.0032 | 0.0117 | 0.0114 | 0.0213
85V ¢ 0 0 0.0029 | 0.0066 | 0.0082 | 0.0150
85H ¢ 0 0 0.0041 | 0.0105 | 0.0115 | 0.0095

13. Comparison of Evening and Morning Ta

A standard calibration analysis tool is to compare ascending (asc) versus descending (dsc) T measurements at
the same location on the Earth. As Figure 1 shows, the local time for the SSM/Is’ ascending equator crossing is
between 5 and 10 pm, depending on satellite and mission time. The one exception is the FO8 SSM/I, which has a 6
am ascending node time. To compare the asc and dsc T, measurements, we use a 1° latitude-longitude grid with a
temporal resolution of 5 days (pentads). The measurements are pre-averaged onto this grid. The collocation re-
quirement is that a given 1° pentad grid cell contains both an asc and dsc measurement.

We consider 3 parameters that may be responsible for systematic asc minus dsc differences: liquid water in
clouds L, water vapor V, and error in specifying the hot target temperature T,. The major contributor is cloud cover,
which peaks in the early morning. The variation of these parameters relative to their mean value over the course of
an orbit can be represented by a Fourier series in terms of the spacecraft orbit position y:

F(y/)ziGn sinny +H, cosny (46)

n=1

For a given 1° grid cell containing an asc and dsc observation, let v, denote the orbit position angle for the asc ob-
servation. The orbit position angle for the dsc observation is then

Vise = 360 - Vase (47)

Hence the asc minus dsc difference of a given parameter within a 1° grid cells is
F (l//asc ) -F (V/dsc) = zan sin nl//asc (48)
n=1

Averaging these 1° grid cell differences over all latitudes and longitudes gives
<F (Wasc ) - F (l//dsc )> = Zan <Sin nl//asc> (49)

n=1

where the brackets denote the average. The latitudinal averaging will tend to diminish the higher order terms, and
we approximate the asc minus dsc difference to first order as 2G<sin y.>. Hence, the analysis of asc—dsc differ-
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ences only allows us to determine the amplitude of the sin y term. The other terms in the Fourier series are not con-
sidered herein.

Since the FO8 SSM/I has an ascending node that is about 12 hours shifted from the other SSM/Is, it is more
convenient to work in terms of evening versus morning (i.e. pm versus am) differences than asc versus dsc. By de-
fining the FO8 orbit position angle relative to it descending node (i.e., y < 360— y), one can treat all SSM/Is in a
consistent manner. Switching notation from asc,dsc to pm,am, the pm—am T4 difference is given by.

, , aT

Taom—Taan = { Guap (t) Ty Gcld (t)+ s Gthot (t)} <sm (//pm> (50)
where T”apm and T7.m are the evening and morning globally averages. The prime symbol denotes that these Ta
measurements are normalized to a common incidence angle and the wind direction dependence is removed accord-
ing to equations (9) and (10). Also, all T, adjustments are applied except of course the AT, (w,t) adjustment (eq. 35),
which is currently being found. The partial derivatives of T, with respect to V and L are assumed to be fixed values
only depending on SSM/I channel number. They represent average global values. The partial derivative of T, with
respect to Ty, is given by equation (31). The term (sin l//pm> is the average of sin y,, over all latitudes and is approx-

imately equal to 0.85. Note that because only ocean observations are used, the range of yy, is typically between 30°
and 150°,

Analysis of the hot target term Gy, indicates the data is well fit by the following error model
Gthot (t) = G0 + Gl (t) + G85 (tasc ) (51)

where Gy is a constant that just depends on channel number and Gy(t) is a slowly varying function of time t. The
same G4(t) is used for all channels. The last term Ggs(tasc) is only applied to the 85 GHz channels. The 85 GHz
channels display a time variation slightly different than the lower-frequency channels, and this difference is related
to the spacecraft ascending node time t,. (hours):

Gys (te ) = 0.3{1—cos[ 15(t,,, - 22) ]} (52)

Ges(tasc) is @ very minor term that vary slowly varies over the course of the mission. Its effect is largest for the F15
SSM/I, for which t, drifted 6 hours over the course of the mission.

Equation (50) does not consider the possibility of systematic SST and wind diurnal features. At the SSM/I fre-
quencies, the dependence of T, on SST is weak, and when globally averaged, SST diurnal features at the SSM/I am
and pm observation times are quite small (< 0.05 C), and in term of T, this is a <0.02K effect. Hence, we do not
think neglecting SST is a problem. We also expect wind diurnal features to be very small when globally averaged
[Smith et al., 2002]. By limiting the number of parameters to just 3 (V, L, and Ty), we have a tractable estimation
problem because the spectral and polarimetric signatures of the 3 parameters are quasi-orthogonal.

The pm—am T, differences are regressed to equation (50), and values for Gyap, Gea, and G, are found for each
pentad during a SSM/I mission, thereby finding the timeseries Gyap(t), Gaa(t), and G4(t). These timeseries are inde-
pendent of channel number. The term G,, which is also found via regression, depends on channel but not on time.
The estimation of these parameters is done by standard least-squares so as to minimize the variance between the
pm—am T4 differences and the model given by (50). To avoid singularity, a constraint needs to be applied to one of
the G,. We arbitrarily choose to constrain the 37H G, to be zero. After completing the regressions for the lower
frequency channels, the special 85-GHz term Ggs(t,s.) is found by inspection.
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The time series for G4(t) is shown in Figure 13, and the G, values are given in Table 9. We note that there are
some small differences between the v-pol and h-pol values for Go. At 19 GHz, the v-pol versus h-pol difference
ranges from 0.2 to 0.4 K. At the other frequencies, the difference was always less than 0.15 K. We could not ex-
plain these differences via natural diurnal variability nor via hot target error, which is assumed to be independent of
polarization. Although we are not sure of the source of the error, it is convenient to lump it with the hot target ad-
justments.

Our primary motivation of doing the pm versus am T, comparisons is for sensor calibration. However, the re-
sults relating to the diurnal variation of vapor and cloud, i.e., Gy(t) and Ge(t), are very interesting. The time series
for Gyap(t) and Gg(t) are shown in Figure 14 and 15, respectively. Gyp(t) shows a small diurnal effect for which
the pm vapor is slightly higher (0.1 mm) than the am vapor. In contrast, G.q4(t) shows that clouds have significant
diurnal variation with the am cloud being about 0.005 mm higher than the pm cloud when the ascending node time
is near 6 pm. We find that the following two simple diurnal models explain the variation shown by the observations:

G,y (1) =0.13c0s[ 15(t,, +5) | (53)

Gy (1) =0.008c05[ 15(t,,,, —3)]{1+0.2c05[ 30t +1) |} (54)

where tpo, is local time of day in terms of hours and t,,, is time of year in terms of months. These models are
shown by the red curves in Figures 14 and 15. The cloud diurnal cycle given by (54) is very similar to the one we
obtained from an analysis of cloud retrievals coming from the TRMM Microwave Imager (TMI). TMI processes
through the diurnal cycle every 46 days, and hence provides good sampling for inferring diurnal changes in the envi-
ronmental parameters. Both (54) and TMI show similar diurnal amplitudes of 0.008 (SSMI) to 0.009 (TMI) with the
clouds peaking around 3 am (SSM/I) to 4 am (TMI). The seasonal variation in the amplitude of Gyq(t) (i.e., the
trailing term in the braces) indicates that the globally averaged diurnal amplitude depends on time of year, reaching
a peak in the late fall (December 1). The fact that our am versus pm analysis yields what appears to be an accurate
representation of the cloud diurnal cycle provides confidence that the G4(t) term is indeed a calibration error proba-
bly related to solar geometry rather than an artifact of natural diurnal variability.

The vapor diurnal cycle given by (53) is very small. In terms of Ta, the vapor diurnal amplitude is about 5
times smaller than that for cloud. Furthermore when looking at Figure 14, the dependence of Gyap(t) ON thour is NOt
obvious other than pm is in general greater than am. Also, the TMI vapor retrievals showed no apparent diurnal
dependence. So we would advise caution in over interpreting the small vapor diurnal cycle coming from this analy-
sis.

Figure 16 shows the effect that the calibration adjustments have on the pm minus am T, differences. The top
frame shows the results before applying the adjustments, and the bottom frame shows the improvement obtained
when the adjustments are applied. In both case, the diurnal vapor and cloud signals G,.,(t) and Gg4(t) are first re-
moved. These are real signals that need to be removed when assessing calibration performance. We also apply the
F15 RADCAL beacon correction (42) to both cases. Otherwise, the unadjusted 22V results for the F15 SSM/I
would be way off scale. Figure 16 shows that there are still some residual errors in the F15 22V channel due to the
RADCAL beacon. As discussed in Section 10, some more calibration work is required for F15, and until this is
done, some caution should be exercised when using the F15 retrievals for climate research. Figure 16 also shows an
unexplained anomaly in 85H channel for the F13 SSM/I in 2008. Otherwise, the adjusted results show good pm
Versus am agreement.
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Figure 13. Evening minus morning amplitude of the hot target temperature: Gy(t).

Table 9. Amplitude G, (K)

19V | 19H | 22V | 37V | 37H | 85V | 85H
FO8 | 0.05 | -0.08 | 0.08 | 0.06 | 0.00 | 0.00 | 0.00
F10 | 0.24 | -0.17 | 0.00 | 0.03 | 0.00 | 0.09 | -0.07
F11 | 0.02 | -0.13 | 0.03 | -0.01 | 0.00 | 0.08 | 0.17
F13 | 0.02 | -0.13 | 0.05 | 0.09 | 0.00 | 0.07 | 0.10
F14 | 0.12 | -0.16 | 0.05 | 0.15 | 0.00 | 0.09 | -0.02
F15 | 0.08 | -0.13 | 0.01 | 0.12 | 0.01 | 0.08 | -0.07
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Figure 14. Evening minus morning amplitude of water vapor: G,s(t). The black curves are the observations, and
the red curves are a simple diurnal model.
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Figure 15. Evening minus morning amplitude of cloud water:

F14

the red curves are a simple diurnal model.
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Figure 16. The pm minus am T, difference for the 6 SSM/Is, with each SSM/I shown in a different color as indicat-
ed in Table 6. The top (bottom) frame shows the results before (after) applying adjustments. The labels on the ver-
tical axis denote channel number (1=19V through 7=85H). The vertical scale for the T differences is such that 2 K
corresponds to the distance between the channel zero lines. The 22V channel for the F15 SSM/I (cyan curve) shows
residual errors due to the RADCAL beacon that turned on in August 2006. Also, the 85H channel for the F13 SSM/I
(blue curve) shows an unexplained anomaly in 2008. Otherwise, the adjusted results show good pm versus am
agreement.
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14. Inter-Satellite Consistency Before and After Adjustments

To conclude our analysis, we show the T, differences 6T A(i, j), as defined by (15), between pairs of SSM/Is
flying on different satellites at the same time. Figure 17 shows oT (i, j) before and after applying the adjustments
given by (17). The figure shows all 11 SSM/I overlapping pairs, with each overlap shown as a different color. The
color coding is given in Table 2. Some colors can be reused for the later overlap cases because they are separated
from the earlier cases. Each point in the 6T (i, j) time series represents a global 5-day average. Before the adjust-
ments are made, large inter-satellite differences of 1-2 K can be seen. After the adjustment, the root-mean-squared
value of 6TA(i, j) averaged over all overlaps is about 0.1K except for 85H which is 0.2 K.

15. Version 7 Calibration as Compared to Version 6

Here we discuss the major differences between the Version 6 and Versions 7 calibration. The details on the V6
calibration can be found in Wentz [2010]. Table 10 highlights these differences, which we will now discuss.

The V6 calibration was done in 2006 and hence did not include the end of the F13, F14, and F15 missions.
The local equator crossing time for F14 and F15 drifted considerably after 2006, and as a consequence the on-board
thermal environment changed significantly as evidenced by the thermistor readings shown in the Appendix. The V7
calibration was completed at the begin of 2012 and includes complete mission observations from all SSM/Is except
for F15 that continues to operate as of January 2013.

To establish an absolute reference for V6, the unadjusted T s for all 6 SSM/Is up to mid-2006 were avearaged
together. This average was then taken as the absolute reference, and additive T, offsets were applied to each SSM/I
to make them agree with this average value. The prelaunch measurements of the antenna spillover # and cross
polarization coupling y were then used to convert the V6 Tas to Tgs. There were signficant differences (1-2 K)
between V6 Tgs and the RTM, and additional offsets needed to be applied to the V6 Tgs before they could be used
for geophsical retrievals. For V7, the absolute calibration is done by adjusting # and y for a particular SSM/I so that
its To measurements agree with the RTM in a global, mission-long sense as is dicussed in Section 5. The V7 Tgs
can be directly ingested by the retrieval algorithm with no futhere adjustments required. Since the RTM is being
used as the absolute calibration reference, other MW imagers like WindSat, AMSR-E, and TMI can be calibrated
similarly with out their calibration being tied to the SSM/I calibration.

Table 10. Major Differences between Version 6 and Version 7 Calibration

Version 6 Version 7
Calibration Time Period 1987-2006 1987-2011
Absolute Calibration Average of unadjusted T for all SSM/I | RTM is absolute reference
Absolute Inter-Satellite Biases | Removed by fixed T offsets Removed by APC adjustments
Relative Inter-Satellite Biases | Removed by zonal T, offsets Hot target adjusted using ATy, (o, f5)
PM versus AM T, Differences | Lump into EIA adjustment Hot target adjusted using ATy(w, ?)
F08 SSM/I Closure Problem Not realized Corrected using Aggg(t)
Handling of F10 SSM/I Zonal, seasonal, time varying T offsets | Non-linearity correction table Agio(y, t)
Pointing Geometry Adjustments made to EIA No EIA adjustment required
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Figure 17. Inter-Satellite SSM/I T differences 0T (i, j) for the 11 pairs of overlapping SSM/Is. Each overlap peri-
od is shown in a different color with the color coding given by Table 2. The top (bottom) frame shows the results
before (after) applying adjustments. The labels on the vertical axis denote channel number (1=19V through 7=85H).
The vertical scale for the T, differences is such that 2 K corresponds to the distance between the channel zero lines.
The 22V channel for the F15 SSM/I (2006-2009 blue and green curves) shows residual errors due to the RADCAL
beacon that turned on in August 2006. Otherwise, the adjusted results show good agreement.
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For V6, the inter-satellite biases, both absolute and relative, were removed by adding offsets to the Ta. These
offsets were function of spacecraft orbit position y and time of year (i.e., seasonal adjustments). They were empiri-
cal with no physical basis. The V7 calibration is based on adjustments to the physical properties of the SSM/I cali-
bration system, such as the antenna pattern characteristics, the effective temperature of the hot target, and non-
linearity effects.

In doing the V6 calibration, the differences in the observed pm — am TS were incorrectly interpreted as an er-
ror in specifying the EIA 6;. The reason for this misinterpretation was that the F10 pm — am TaS showed a large
122-day 0.5 K harmonic that was associated with the same harmonic in ;. We mistakenly attributed this to an error
in specifying 6;. As it turned out, this problem was due to the EIA dependency in V6 RTM not being quite correct.
Subsequent to the V6 development, the RTM was revised [Meissner and Wentz, 2012] based on WindSat and
AMSR-E observations, which are at a variety of ¢; ranging from 50° to 56°. This variety of 6; provided the means to
refine and improve EIA dependency of the RTM. When the revised RTM used herein is applied to the F10 SSM/I,
the 0.5 K harmonic in the F10 pm — am TS reduces to less than 0.1 K (see Section 9), and an adjustment to 6 is
neither justified nor required. F10’s 122-day 6; harmonic provides us with an excellent verification of the V7 RTM.
The improvement of the EIA dependency in V7 RTM was just based on WindSat and AMSR-E, and the F10 results
were a pleasant surprise.

The FO8 SSM/I closure problem was not realized during the V6 calibration. One of the strengths of the V7 cal-
ibration is the simultaneous consideration of T, calibration and the resulting geophysical retrievals. The closure
analysis is a direct extension of this methodology and is providing us with a valuable new calibration tool.

The handling of the F10 SSM/I calibration has always been a problem. When doing the V7 calibration, we re-
alized the internal temperature of the F10 receivers had been anomalously high throughout its mission. Possibly that
explains the unique calibration problems experienced by F10. As mentioned above, for V6 we mistakenly attributed
some of the F10 calibrations problems to misspecifying 6;, and the remaining problems were fixed by adding Ta
offsets that were a function of spacecraft orbit position y and time of year. T, drift corrections were also applied to
all of the channels for V6. The V7 calibration For F10 is a significantly cleaner. No unique (i.e., any different than
the other 5 SSM/Is) adjustments are applied to the 19H and 37H channels except the very small (0.05 K) correction
given by equation (41). For the other F10 channels, we assume the high temperature of the receivers is causing a
non-linear response, and the Ario(y, t) correction is applied.

38



16. References

Christy, J. R., R. W. Spencer, et al. (2000), MSU Tropospheric Temperatures: Dataset Construction and Radiosonde
Comparisons, Journal of Atmospheric and Oceanic Technology, 17(9): 1153-1170.

Colton, M. C. and G. A. Poe (1999), Intersensor Calibration of DMSP SSM/I's: F-8 to F-14, 1987-1997, IEEE
Trans. Geoscience and Remote Sensing, 37, 418-439.

Hilburn, K. A. and F. J. Wentz (2008), Mitigating the Impact of RADCAL Beacon Contamination on F15 SSM/I
Ocean Retrievals. Geophysical Research Letters, 35. L18806, doi:10.1029/2008GL034914.

Hilburn, K. A. (2009), Including Temperature Effects in the F15 RADCAL Correction. RSS Technical Report
051209, , Remote Sensing Systems, Santa Rosa, CA
http://www.remss.com/papers/RSS_TR051209 RADCAL.pdf

Hollinger,J., R. Lo, G. Poe, R. Savage, and J. Pierce (1987), Special Sensor Mirowave/Imager User’s Guide, Naval
Research Laboratory Report, Washington DC.

Mears, C. A., M. C. Schabel, and F. J. Wentz (2003), A Reanalysis of the MSU Channel 2 Tropospheric Tempera-
ture Record. Journal of Climate, 16, 3650-3664.

Meissner, T. and F. Wentz (2002), An updated analysis of the ocean surface wind direction signal in passive micro-
wave brightness temperatures IEEE Trans. Geoscience and Remote Sensing, 40(6), 1230.

Meissner, T. and F. Wentz (2003), A radiative transfer model function for 85.5 GHz SSM/I ocean brightness tem-
peratures, Radio Science, 38(4), 8066.

Meissner, T. and F. Wentz (2004), The complex dielectric constant of pure and sea water from microwave satellite
observations, IEEE Trans. Geoscience and Remote Sensing, 42(9), 1836.

Meissner. T., and F. Wentz (2012), The emissivity of the ocean surface between 6 - 90 GHz over a large range of
wind speeds and Earth incidence angles, IEEE Trans. Geoscience and Remote Sensing, 50(8), 3004.

Smith, D. K., C. A. Mears, and F. J. Wentz (2002), Detection and characterization of diurnal winds using QuikScat
data, 2002 International Geoscience and Remote Sensing Symposium, IGARSS, IEEE, Toronto, Canada, 735-
737.

Sun, N. and Fuzhong Weng (2008), Evaluation of Special Sensor Microwave Imager/Sounder (SSMIS) Environ-
mental Data Records, IEEE Trans. Geoscience and Remote Sensing, 46(4) 1006-1016

Twarog, E. M., W. E. Purdy, P. W. Gaiser, K. H. Cheung, and B. E. Kelm (2006), WindSat On-Orbit Warm Load
Calibration, IEEE Trans. Geoscience and Remote Sensing 44(3) 516-529.

Wentz, F. J. (1983), A model function for ocean microwave brightness temperatures, J. Geophy. Res. 88, 1892-1908.

Wentz, F. J. (1988), User's Manual SSM/I Antenna Temperature Tapes. RSS Technical Report 032588, Remote
Sensing Systems, Santa Rosa, CA.

Wentz, F. J., (1991), Revision 1 User's Manual SSM/I Antenna Temperature Tapes. RSS Technical Report 120191,
Remote Sensing Systems, Santa Rosa, CA.
http://www.remss.com/papers/ssmi/TA/SSMI_TA manual_rev_1_part_1.pdf,
http://www.remss.com/papers/ssmi/TA/SSMI_TA_ manual_rev_1 part 2.pdf

Wentz, F. J., (1993), Revision 2 User's Manual SSM/I Antenna Temperature Tapes. RSS Technical Report 120193,
Remote Sensing Systems, Santa Rosa, CA.
http://www.remss.com/papers/ssmi/TA/SSMI_TA _manual_rev_2.pdf

Wentz, F. J., (1997), A Well Calibrated Ocean Algorithm for Special Sensor Microwave/Imager, J. of Geophysical
Research, 102, 8703-8718.

39


http://www.remss.com/papers/RSS_TR051209_RADCAL.pdf
http://www.remss.com/papers/ssmi/TA/SSMI_TA_manual_rev_1_part_1.pdf
http://www.remss.com/papers/ssmi/TA/SSMI_TA_manual_rev_1_part_2.pdf
http://www.remss.com/papers/ssmi/TA/SSMI_TA_manual_rev_2.pdf

Wentz, F. and T. Meissner (2000), AMSR Ocean Algorithm (Version 2) Algorithm Theoretical Basis Document
(ATBD), RSS Technical Report 121599A-1, Remote Sensing Systems, Santa Rosa, CA,
http://www.remss.com/papers/amsr/AMSR_Ocean_Algorithm_Version_2.pdf.

Wentz, F. J. (2010), The Version-6 Calibration of SSM/I, RSS Technical Report 102210, Remote Sensing Systems,
Santa Rosa, CA.
http://www.remss.com/papers/tech_reports/Wentz SSMI_Version6_Calibration.pdf

40


http://www.remss.com/papers/amsr/AMSR_Ocean_Algorithm_Version_2.pdf
http://www.remss.com/papers/tech_reports/Wentz_SSMI_Version6_Calibration.pdf

17. Appendix: Time Series Plots of Thermistors and Incidence Angle
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Figure 1A. Mission-long time series of hot target thermistor #2. Global, pentad-averged values are shown. The
other two hot target temperatues are essentially the same when shown at this scaling. When the satellite’s equator
crossing is in the early morning/evening (~ 6 am and 6 pm), the hot traget temperture expriences a large seasonal
varation as compared to the late morning/evening for which there is little seasonal variaton. See Figure 1 for
equator crossing times.
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Figure 2A. Same as Figure 1A except the thermistor is on the top of SSM/I ‘drum’ that faces the hot target. These
time series are very similar to Figure 1A because both temperatures are external readings in close proximity.
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Receiver Thermistor (K)
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Figure 3A. Same as Figures 1A and 2A except the thermistor is on the internal electronics. Note the anomalously

high temperature for the F10 SSM/I.
problems (see Section 9).

This high temperature may be responsible for F10’s unusual calibration
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Earth Incidence Angle at the Evening Equator Crossing (deg)

Figure 4A. Mission-long time series of the Earth incidence angle 6; at the point of the evening equator crossing.
All SSM/Is exhibit an 6; oscillation with a period near 120 day. This is due to a combination of the eliptical orbit,
the oblate Earth, and the precession of perigee. Due to a malfunction in the launch of F10, the spacecraft did not
ended up in the desired orbit. Its orbit was more elliptical than the other SSM/Is, and this is why the amplitude of
the 6; oscillation is so much larger. This large 6; oscillation for F10 provides an excellent testbed for verifing the
RTM 6, functionality (see Section 9).
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