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Abstract—We develop methods of using boreal, temperate, and
tropical forests as vicarious calibration sites for spaceborne mi-
crowave radiometers. The extended sites and improved calibra-
tion techniques enable examining warm-scene performances as
a complement to cold scenes over the ocean, providing informa-
tion about scan-dependent biases, detecting and correcting possi-
ble calibration errors, and intercalibrating different radiometers.
Specifically, this paper shows results as follows. Warm-scene cali-
bration is expanded beyond previously utilized sites in the Amazon
rainforest to include inland boreal and temperate forests, as
well as forests in coastal and island regions. These additional
sites increase the available warm-scene sample size by a factor
of 30 compared with using Amazon rainforests alone, allowing
more accurate and statistically robust calibration. In addition,
their widespread near-global distribution enables near-continuous
monitoring of radiometer performance, e.g., with a temporal
resolution of almost once per day. Accurate warm-end vicarious
calibration enables or enhances several new capabilities for ra-
diometer characterization. Scan-dependent calibration biases that
are present at the high end of a radiometer’s dynamic range can,
for the first time, be reliably detected and characterized. Using this
method, we are able to detect the along-scan magnetic interference
and edge-of-scan biases that are present in Global Precipitation
Measurement Microwave Imager (GMI) observations at warm
brightness temperatures (TBs). Our techniques are able to detect
and characterize very small calibration anomalies, e.g., a scan-
dependent error in GMI with a peak-to-peak amplitude of 0.1 K.
In general, scan-dependent performance and antenna pattern
correction can be improved with better constraints at both the
high and low ends of on-Earth observed TBs. Regional depen-
dence and seasonal changes in the brightness and predictability
of the forested calibration sites are detected and characterized.
Calibration exhibits a dependence on latitude, most significantly
at water vapor channels, where tropical regions are different from
middle and high latitudinal regions. Although the root cause is still
under investigation, its presence suggests that using limited sites
could result in undesirable latitude-dependent calibration biases.
The distribution of calibration sites shifts seasonally, which results
from green-up of the vegetation canopy in summer and defoliation
in winter, and from snow contamination.

Index Terms—Forest, in-flight vicarious calibration, microwave
radiometry, warm scene.
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I. INTRODUCTION

IN-FLIGHT vicarious calibration using on-Earth targets is
important for spaceborne microwave radiometers. Although

prelaunch calibration is performed and radiometers have on-
board calibration systems, further in-flight calibration is neces-
sary to monitor and improve radiometer performance. Vicarious
calibration is necessary to monitor possible drifts in the onboard
calibration system after launch, as well as errors in the antenna
pattern correction (APC) [1]. The onboard radiometer can be
affected, for example, by the spacecraft itself due to obstruction
of the antenna field of view (FOV) [2]. A slightly emissive
antenna will add error to the observed radiance as antenna
physical temperature changes with the orbit [3]–[5]. As the
radiometer spins, scan-dependent anomalies can occur because
of antenna beam blockage and other instrumental effects [5],
[6]. The development of algorithms to convert antenna temper-
ature (TA) into Earth-scene brightness temperature (TB) needs
in-flight vicarious calibration to derive empirical correction
parameters [5], in which issues such as TB-dependent errors
can happen but can be identified and resolved through in-flight
calibration [7]. Finally, intercalibration relies heavily on vicar-
ious calibration so that different radiometers can be reconciled
to produce consistent results for long-term climate data records
[8], [9].

Warm-scene vicarious calibration is an important part of
in-flight calibration. Earth-scene TBs have a roughly bimodal
probability distribution. The cold TB from the ocean and
the warm TB from the land dominate the distribution, and
cryosphere and coastal transition regions provide a smaller
percentage of intermediate TBs. Calibration errors can have
dependence on TBs because of scan-dependent interference,
APC errors, uncorrected radiometer nonlinearity, and simula-
tion errors [7]. Current vicarious cold calibration uses clear-sky
ocean scenes that cover a limited part of the full TB dynamic
range [5], [8], [10]–[12]. For example, the 10-GHz horizontal
polarization TBs of a conical scanning radiometer has a typical
full range from 80 to 290 K, whereas the clear-sky ocean TBs
ranges from 80 to 100 K. As a result, empirical corrections
derived from cold scenes alone may not work well for a warm
scene [7]. For missions such as the Global Precipitation Mea-
surement (GPM), warm-scene calibration is particularly im-
portant because precipitating scenes are considerately warmer
than clear-sky ocean scenes at lower microwave frequencies
where scattering from ice is not significant. Thus, both cold-
and warm-scene calibrations are necessary.
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Modeling warm-scene emission is more difficult than cold
scenes. The emissive properties of ocean and fresh water are
generally well understood and easier to model than those of
warm scenes. Land properties are more complex and uncertain.
Land scenes differ significantly between different land types.
Even in a limited terrestrial region, with the same surface type,
TBs can be very inhomogeneous. Land scenes can also have
a large diurnal and seasonal variability. It is more difficult to
characterize the dependence of land emissivity on polarization,
frequency, and Earth incidence angle (EIA). As a result, warm-
scene calibration has to date provided only limited usable data
and has been unable to provide the continuous radiometer mon-
itoring necessary to reliably resolve scan-dependent calibration
anomalies at warm-scene TBs.

Among different land types, forests have been found as
useful vicarious calibration sites [2], [13]–[15]. The branches
and leaves of dense forests form an optically thick canopy,
hiding the ground that is more difficult to model. An op-
tically thick forest canopy has near-blackbody properties of
high emissivity and small dependence on polarization and EIA.
Specifically, the emissivity of thick canopies has predictable
frequency dependence in the microwave spectrum [16], [17].
Emissivity increases with frequency to a peak at about 10 GHz,
then decreases slightly at higher frequencies. This is because
lower frequencies have greater penetration through the canopy,
whereas higher frequencies tend to scatter more. The forest
emissivity is insensitive to incidence angle according to both
observation and modeling [15]–[17]. These predictable proper-
ties enable the modeling of forest canopies.

The Amazon rainforest has large areas of thick canopies
appropriate for calibrating spaceborne radiometers with large
FOVs. Brown and Ruf [14] identified two areas of water-
free Amazon rainforests and developed an empirical model to
capture the diurnal and seasonal changes of TBs using Special
Sensor Microwave/Imager data. These two areas have since
been used as the warm calibration site in a number of studies.
McKague et al. [2] combined both warm Amazon and cold
ocean scenes to examine edge-of-scan FOV obstructions for
WindSat. Biswas et al. [13] used the Amazon rainforest as one
of their calibrations sites for intercalibration between Thematic
Mapper Imager and WindSat. Mo [15] studied TBs over the
Amazon rainforest using the cross-track scanning radiometer
AMSU-A. These studies demonstrate the value of the Amazon
rainforest as a reliable warm-scene calibration site.

There are two major limitations of current warm-scene cali-
bration. First, the numbers of usable sites are limited. Compared
with the amount of data from the ocean, the Amazon rainforest
provides too few data for many types of statistical analyses
or for continuous monitoring. The situation is even worse
for intercalibration, where different radiometers with different
orbits need to simultaneously overpass the same region, causing
further reduction in data availability. Second, reliable scan-
dependent calibration information is not available. This is due
not only to the limited data availability but also to problems of
surface inhomogeneity. Forests are not as homogeneous as the
ocean, which increases the scatter in along-scan TBs and covers
small error signals due to noise. Further investigation is needed
to handle the problem of inhomogeneity.

In this paper, we develop methods to address the current
challenges in warm-scene calibration. GMI and WindSat data
are used for demonstration. This paper is organized as fol-
lows. Section II describes the methodology for identification
of new vicarious sites and development of improved cali-
bration techniques. In Section III, we apply our method to
calibrate GMI in an absolute sense and to intercalibrate it using
WindSat as the reference radiometer. Conclusions are presented
in Section IV.

II. METHODOLOGY

A. Data and Instrument Specifications

WindSat is a conical scanning polarimetric microwave ra-
diometer aboard the Coriolis satellite launched on January 6,
2003 [18]. It has 22 channels at five frequencies. The 10.7, 18.7
and 37 GHz are fully polarimetric, with each frequency having
vertical (V), horizontal (H), +45◦, −45◦, left-hand circular,
and right-hand circular polarizations. The 6.8- and 23.8-GHz
channels are dual-polarized (V and H only). WindSat’s EIA
ranges from 50◦ to 55◦. WindSat has been well calibrated and
has shown satisfying performance since its operation [18]–[20].

The GPM Microwave Imager (GMI) is a conical scan-
ning microwave radiometer aboard the GPM core observatory
launched on February 28, 2014 [21]. It has 13 channels at eight
frequencies. The 10.65, 18.7, 36.64, 89, and 166 GHz have
both V- and H-polarization channels, and 23.8, 183.31 ± 3, and
183.31± 7 GHz have V polarization only. EIAs are about 52.8◦

from 10.65 to 89 GHz, and 49.19◦ from 166 to 183.31 GHz,
respectively.

Coincident channels between GMI and WindSat are intercal-
ibrated in this paper. These channels are listed in Table I. The
GMI data are archived and distributed by the NASA Precipita-
tion Processing System [22]. Since the launch and operation
of GMI, a number of calibrations have been developed and
applied. The group at the University of Michigan is an member
of the Intersatellite Radiometer Calibration Working Group
(XCAL) team and has participated in the GMI calibration and
conducted independent calibration work [7], [23], [24] (http://
www.gpm-x-cal.info/). In addition, the manufacturers of the
GMI instrument supplied a calibration algorithm based on
prelaunch characterization of the instrument [10]. A number
of calibration corrections have been developed and applied
to GMI data since its launch. In this paper, version 03A
(V03A) of the level 1C data is used. V03A data do not apply
along-scan correction, which allows us to examine along-scan
anomalies. The V03A data were created for March–August
2014 and then discontinued since further calibration adjustment
including along-scan corrections have been applied in later data
versions. The WindSat data are version 2.0.0 of the sensor
data record [18]. Data from March through August of 2014
are used.

We also use the National Centers for Environmental Predic-
tion (NCEP) Final (FNL) Tropospheric Analyses data to ob-
tain geophysical parameters, including surface and atmospheric
profiles. NCEP FNL data have a 1◦ × 1◦ horizontal resolution,
26 vertical layers, and 6-h temporal resolution [25].
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TABLE I
SPECIFICATIONS OF COINCIDENT CHANNELS BETWEEN GMI AND WINDSAT. THE COLLOCATION TIME DIFFERENCE IS SET AS 1-h IN THIS PAPER

Fig. 1. Comparison between (left) the forest distribution from PALSAR and (right) the distribution of vicarious calibration sites based on GMI polarization
difference. The identified sites correspond well to forested regions.

B. Method to Determine Vicarious Calibration Sites

As described by Brown and Ruf [9], a simple but effective
method for identifying useful calibration sites is to consider their
“polarization difference,” i.e., the mean difference over a region
between the TB at V and H polarizations for a common fre-
quency. Both model [16] and measurements [14], [17] show that
forests have small polarization difference compared with other
land types. When microwave radiances from forests are mixed
with signals from other sources such as bare soil, water, or snow,
the polarization difference tends to increase. Therefore, a small
polarization difference indicates optically thick forest canopies
appropriate for calibration. An effective filter is found to be

TBV − TBH ≤ 3K, f < 22 GHz

TBV − TBH ≤ 2.5,K, f >= 22 GHz (1)

where TBV and TBH are TBs at V and H polarizations, respec-
tively, and f is frequency.

Fig. 1 shows a map of GMI polarization difference compared
with a forest map derived from the phased-array-type L-band
SAR (PALSAR) measurements. The PALSAR plot shows the
annual forest distribution in 2009, provided by the Japan
Aerospace Exploration Agency as an Advanced Land Observ-
ing Satellite (ALOS) product [26]. There is a pronounced
similarity between the GMI polarization difference and forest
distribution. Fig. 2 further shows the distribution of different
forest species: boreal, temperate, and tropical forests (http://
www.ucar.edu/news/features/forests/). The forest species have
latitudinal dependence. We will use these maps to define a
group of calibration regions.

Fig. 2. Forest distributions of boreal, temperate, and tropical species (http://
www.ucar.edu/news/features/forests/).

C. Models of Radiative Transfer, Canopy Emissivity,
and Intercalibration

The TB at the top of atmosphere (TOA) can be written as [1]

TB=εT exp(−τ sec θ) + TBup + (1− ε) exp(−τ sec θ)TBdn

+ (1− ε)TBcos exp(−2τ sec θ) (2)

where T is the effective surface temperature, and ε is the effec-
tive canopy emissivity. The effective indicates a difference from
actual temperature and emissivity since the surface canopy is
modeled as an idealized single layer, different from actual cano-
pies. τ is the vertical atmospheric optical depth; θ is the EIA,
TBup and TBdn are atmospheric upwelling and downwelling
emission, respectively; and TBcos is the cosmic background.
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A model for effective canopy emissivity is [2]

ε = a× (f − 10.7)2 + b (3)

where f is the frequency in gigahertz, and a and b are constants
to be determined; the parameter a is constrained to be negative.
In this model, canopy emissivity increases at low frequency
until 10.7 GHz because low frequency radiance is able to
penetrate the forest canopy from the lower emissivity surface
below, whereas high frequency radiance scatters more [2], [16],
[17]. The two unknowns, a and b, can be determined using
multiple channels. For instance, the five channels of WindSat
from 19 to 37 GHz can be used to determine the two unknowns.
This emissivity model does not account for angular dependence
since both model and observation show that dense forests have
small emissivity dependence on incidence angle [15], [17].
Macelloni et al. [17] compared airborne measurements with
simulation, showing that forest emissivity is relatively flat as a
function of incidence angle. Mo [15] showed that observed TBs
from cross-track radiometer AMSU-A over Amazon rainforest
have small angular dependence. The impact of angular depen-
dence is further reduced when intercalibrating conical scanning
radiometers, which often have close EIAs within a few degrees
such as WindSat (50◦–55◦) and GMI (50◦–53◦).

The atmospheric emission terms at a given frequency are
calculated as

TBup =

TOA∫
0

T (z)×α(z)×secθ×exp

⎛
⎝−

TOA∫

z′

sec θα(z′)dz′

⎞
⎠dz

TBdn =

TOA∫
0

T (z)×α(z)×secθ×exp

⎛
⎝−

z∫
0

sec θα(z′)dz′

⎞
⎠dz

(4)

where z is the vertical height, and α is the atmospheric absorp-
tion profile.

When intercalibrating different radiometers, it is convenient
to define a reference and target radiometer [12], [23], [24]. Inter-
calibration evaluates the difference of the target radiometer with
respect to the reference radiometer. Since the reference radiom-
eter is not a perfect benchmark, intercalibration provides the
relative rather absolute calibration. However, intercalibration is
a critical method to diagnose new radiometer performance and
reconcile constellation satellites. Equations (2)–(4) allow us to
retrieve the surface emissivity using the reference radiometer
and then simulate TBs for both reference and target radiome-
ters, respectively. The double difference (DD) can characterize
the difference between reference and target radiometers, i.e.,

DD = (TBtar − TBtar,sim)− (TBref − TBtar,sim) (5)

where TBtar and TBref are the actual observed TBs from the
target and reference radiometers, respectively, and TBtar,sim

and TBref,sim are from the TOA TB model, respectively. A 1-D
plane-parallel radiative transfer model (RTM) is used [11], [27].
The RTM is based on modules from previous research, in which
the atmospheric absorption is given by Rosencrantz nitrogen
[28] and water vapor [29], and Liebe liquid water [30] and
oxygen [31].

A few filters are used for data quality control. The filter for
screening precipitation is

TB19V − TB37V ≤ 10K. (6)

Greater scattering from precipitation at the higher frequency
results in a decrease in the higher frequency radiance and
therefore an increase the difference between TB19V and TB37V

[14]. Filters for the single difference and DD are used to screen
out data with anomalous observed or simulated TBs, i.e.,

(TBref − TBref,sim) ≤ 3K

(TBtar − TBtar,sim) ≤ 8K

DD ≤ 8K. (7)

The TB range filters are used to screen out extreme high or low
TBs, which can result from the presence of ice (cold TBs) or
radio-frequency interference (warm TBs), i.e.,

260K ≤TBref ≤ 320K

260K ≤TBtar ≤ 320K. (8)

The filter for retrieved surface emissivity is

0.7 ≤ ε ≤ 1. (9)

Sufficiently sense forests have emissivity values above 0.9 [17].
Nonphysical retrieved emissivities above unity or below the
lower bound thresholds can be caused by inaccurate representa-
tion of atmospheric emissions derived from ancillary data such
as NCEP FNL data.

Intercalibration often requires collocating FOVs of the refer-
ence and target radiometers to a common region at the same
time. Previous studies require collocation occurring within a
1◦ × 1◦ grid box with 1-h time difference [9], [13], [32], [33].
These criteria are referred to as COL-1. The COL-1 method
has been applied for both cold and warm calibration, where
for warm calibration the two Amazon forest areas identified
by Brown and Ruf [14] are used, with boundaries of latitude
ranges [−10◦,−5◦] and [−5◦,−1◦], and longitude ranges of
[−74◦,−65◦] and [−59◦,−53◦], respectively. We found that
the collocation criteria such as the resolution of the grid box
have significant impact on intercalibration. We studied this by
changing the grid resolution and by comparing the results with
COL-1 in Section III-C. In our collocation, if there are multiple
TBs within a grid box from the reference or target radiome-
ters, they are averaged before applying further intercalibration
procedures. Accordingly, the scan position is also averaged.
In practice, coarse grids (e.g., 1◦ × 1◦) can have multiple TBs
from an individual radiometer at any given grid box, whereas
fine grids (e.g., 0.1◦ × 0.1◦) only have a single TB.

D. Method to Examine Scan-Dependent TA and TB

In addition to intercalibration, the TA and TB from an indi-
vidual radiometer can be used to examine its scan-dependent
performance and improve APC and calibration corrections. TA
and TB can be estimated for a specific forested region, which
we will define later. In addition to filters in (1) and (6), a
homogeneity filter is required for all of the channels

TBSTD ≤ 3K (10)
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Fig. 3. GMI-WindSat along-scan DDs using the warm-scene calibration method. The along-scan information is obtained: the magnetic anomalies from scan
position 50 to 100 at 10.65 V and 10.65 H polarizations, and the edge-of-scan anomalies at different channels.

where TBSTD is the standard deviation of TBs in each 1◦ × 1◦

grid box for each channel. The filter threshold is empirically
derived to screen out extreme surface inhomogeneity and pre-
cipitation that result in large TB standard deviation. Similar
filters were applied in previous studies [9], [13]. After applying
these filters, the TA and TB are averaged as a function of scan
position.

III. RESULTS FROM BOREAL, TEMPERATE,
AND TROPICAL FORESTS

A. Along-Scan Biases and Anomaly Detection

GMI along-scan performance for warm scenes is considered
first. Fig. 3 shows the GMI and WindSat DD as a function
of GMI scan position for each channel. Conical scanning ra-
diometers conduct cross-track scanning by spinning the main
reflector, where each revolution sees the cold sky reflector, hot
load, and Earth scenes. The scan positions shown here represent
the azimuthal positions for Earth scenes within each revolution.
The most significant along-scan anomaly is noted at 10.65 H,
where the DD first decreases from scan positions 0 to 50, then
increases from 50 to 80, and tilts up again from 180 to 198 with
a slightly drop from 198 to 221. A similar feature but with a
smaller amplitude is also found at 10.65 V. Noticeable tilts on
the right side of the scan position are seen at 18.7 V and 18.7 H.
The edge-of-scan drop on the left side is noticed at 36.64 V and

Fig. 4. Distribution of collocated calibration sites (green color) between GMI
and WindSat. Nine subregions are defined for comparison: 1) Alaska; 2) West
Russia; 3) East Russia; 4) United States; 5) Europe; 6) East Asia; 7) South
America; 8) Africa; and 9) Southeast Asia. Regions 1–3 are boreal forests, 4–6
are temperate forests, and 7–9 are tropical forests.

36.64 H. The absolute value of DDs indicates that GMI has
positive biases from 10.65 to 23.8 GHz and negative biases at
36.64 GHz.

These along-scan features and anomalies have been verified
by different calibration teams, including the XCAL team, using
methods such as prelaunch data, vicarious cold-end calibration,
and deep-space maneuver [6], [10], [24]. Magnetic interference
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Fig. 5. Along-scan DDs at the 10.65H channel for the nine regions. The anomalies are reproduced in all of regions, with differences in fluctuation due to the
number of samples.

is identified as the main cause of the feature observed around
scan position 50 for 10.65H [6], [10], [24]. Intrusion is likely
another reason for the observed edge-of-scan biases [6], [10],
[24]. Similar along-scan features have also been found by
prelaunch calibration, as well as vicarious cold-scene methods,
verifying the strength of our methods [6], [10], [24]. These
anomalies and biases, particularly the 10.65H magnetic feature,
are useful tracers. They should be detected in different calibra-
tion sites. They can also be used to examine and improve the
APC and along-scan corrections.

The distribution of vicarious calibration sites (green color)
for GMI and WindSat intercalibration is shown in Fig. 4. We
defined nine subregions to examine their performances. They
represent boreal, temperate, and tropical regions, including:
1) Alaska (boreal); 2) West Russia (boreal); 3) East Russia
(boreal); 4) Europe (temperate); 5) East Asia (temperate);
6) United States (temperate); 7) South America (tropical);
8) Africa (tropical); and 9) Southeast Asia (tropical).

Fig. 5 shows the DDs at 10.65 H channel for each of the
nine regions. These regions all show the magnetic anomalies
and edge-of-scan biases. The fluctuations, which vary region
by region, mainly due to the number of samples, are considered
in the succeeding section. The inland boreal and temperate
regions, as well as coastal and island regions, show results
consistent with the other regions. Similar to 10.65 H, the other
channels also have consistent results among the nine regions.

Fig. 6 shows the along-scan DD using the COL-1 method
over the Amazon rainforest. The along-scan fluctuation is so
large that signals are indistinguishable. This is due to the coarse
grid in COL-1, as well as the limited sample size from Amazon
rainforests alone. Fig. 7 shows the impact of the sample size by
comparing the detection of scan-dependent biases using only
the Amazon rainforest sites versus using the global distribution
of sites. The noise-like fluctuations in the case of the Amazon
results, which are large enough to obscure small calibration
biases, are significantly reduced when the global distribu-
tions is used. These results are considered in greater detail
in Section III-C.

B. Analysis of Intercalibration Results

The mean DDs are presented in Table II. These numbers
are overall consistent from region to region (differences within
0.2 K for most channels), confirming that boreal, temperate,
and tropical forests can be used as high-quality vicarious cal-
ibration sites when using our method. In fact, even regions
such as the Australian coastal forests provide consistent results,
although they are not included in the nine regions. The number
of collocations is given for each region, which is defined as the
number of grid boxes in which FOVs are collocated.

Fig. 8 shows the change in samples size with respect to using
the Amazon rainforest alone. The total number of data from this
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Fig. 6. Comparison of along-scan DDs between using the previous “COL-1” method and our new method. In COL-1 method, large fluctuations make along-scan
signals indistinguishable.

Fig. 7. Comparison of scan-dependent bias detection for warm TBs derived from DDs using only Amazon rainforest sites (blue) and global sites (red).
Much large fluctuations result from using only Amazon rainforest sites because of their limited sample size.
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TABLE II
GLOBAL AND REGIONAL MEAN DDS AS WELL AS NUMBER OF COLLOCATIONS BETWEEN GMI AND WINDSAT

Fig. 8. Global forest vicarious warm calibration sites significantly increases the number of data in terms of total number (left) and number of days (middle),
compared with the Amazon rainforest. The percentages of boreal, temperate, and tropical regions are also shown (right).

extended method is 433 662, which is 30 times more than that
from the Amazon rainforest (14 430). The number of available
days also increases from 17 to 164, out of a total of 181
possible days. Because of the order of magnitude increase, we
are now able to monitor the near-daily GMI calibration status.
Fig. 9 shows the daily mean time series of DDs. A continuous
time series is obtained that is not possible using the Amazon
region alone. The impact of water vapor on the time series can
be seen. The time series indicates that the GMI performance is
stable without noticeable drifting.

While the mean TBs in different regions are close to each
other, high-latitude regions introduce colder scenes and expand
the dynamic range of warm-scene TBs. Table III gives the mean
GMI scene TBs corresponding to Table II. As an example, 10 H
has mean TBs of (boreal) 276.8, 279.1, 279.0, (temperate) 282.7,
280.1, 279.9, (tropical) 282.6, 281.6, and 282.5 K for the nine
regions, respectively, where boreal regions such as Alaska are
around 5 K colder than tropical regions. Fig. 10 shows the his-
togram of TBs in each region. Boreal sites have more extreme
cold TBs close to 260 K than tropical regions. Note that a filter
has been used to limit the lower range of TBs to be 260 K. More
dynamic TBs help examine the calibration dependence on TB.

Regional calibration differences are noted, which are most
significant for the water vapor channels. As shown in Table II,
the DDs at 23.8V channel are 0.7, 0.8, and 0.7 K in high-latitude
boreal sites, Alaska, and West and East Russia, respectively.
Middle-latitude temperate sites have closer numbers, e.g.,
0.5 K in USA, Europe, and East Asia. However, tropical sites
show very small DDs of < 0.1 K in South America, Africa,

Fig. 9. GMI daily mean DDs for Mar–Aug 2014. The solid lines are from
using the extended method (164 days available out of total 181 days), whereas
solid circles are from the Amazon rainforest alone (17 days).

and Southeast Asia. A small but noticeable difference is seen
at 37 V, which is affected by water vapor. As listed in Table I,
WindSat and GMI have identical center frequency at the water
vapor channel. However, they still have differences in EIA,
local observing time, and bandwidth (see Table I), which affect
observed TBs. While NCEP FNL data are used in computing
the DD, it is known that uncertainty exists in these reanalysis
data, and extensive studies have been performed to evaluate
them [34], [35]. The observed latitudinal difference can result
from either overestimation or underestimation of water vapor,
biases in the vertical placement of the water vapor, inexact
diurnal variations, etc. This, combined with the differences in
instrument EIA and bandwidth, adds uncertainty to the DDs
at this channel. Although the root cause is not identified in
this paper, the clear latitudinal dependence implies that using
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TABLE III
GLOBAL AND REGIONAL MEAN TBS OF GMI CORRESPONDING TO TABLE II

Fig. 10. TB histograms from different regions. Boreal and temperate regions provide colder TBs.

limited sites such as tropical Amazon rainforests alone could
result in varying calibration biases outside of the tropics.

C. Impact of Grid Resolution on Intercalibration

We examine here the impact of grid resolutions on inter-
calibration. The FOVs of the reference and target radiometers
are required to coincide in place and time. This is often im-
plemented by dividing the Earth into subgrids. The size of a
unit grid box determines how closely the FOVs match in space.
The previous COL-1 method used a 1◦ × 1◦ grid resolution, i.e.,
the Earth is divided into a 181× 360 boxes, with the temporal
collocation restricted to be within 1 h [9], [13], [32], [33].

A group of grid resolutions are examined, including 2◦ × 2◦,
1◦ × 1◦, 0.5◦ × 0.5◦, 0.25◦ × 0.25◦, 0.1◦ × 0.1◦, and 0.05◦ ×
0.05◦. The time difference is kept the same at one hour.
Fig. 11 shows an example of an along-scan DD comparison
between 1◦ × 1◦ and 0.1◦ × 0.1◦ grids. The 1◦ × 1◦ grid is very
noisy, whereas the 0.1◦ × 0.1◦ grid significantly reduces the
noise so that along-scan features are discerned. Fig. 12 shows
the comparison of 0.1◦ × 0.1◦ to a finer resolution 0.05◦ ×

0.05◦. The 0.05◦ × 0.05◦ grid is noisier because of the decrease
in collocation data. Fig. 13 shows the 10.65H along-scan DDs
at each grid resolution given above. Using the 0.1◦ × 0.1◦ grid
produces the best results. It should be noted that the 0.1◦ × 0.1◦

grid is not a universal optimum. The choice of an optimal
grid resolution can depend on radiometer specifications such as
footprint size and scanning interval distance. It should also be
noted that the actual size of a grid box is a function of latitude,
i.e., smaller at higher latitude, since we use uniformly divided
grids in the unit of degrees of latitude and longitude.

Further insights can be found in Table IV, which presents
DDs and the number of collocations (collocated grid boxes)
for different grid resolutions. The DDs change gradually with
grid resolution at all channels. The 23.8V DD decreases from
0.58 K with 2◦ × 2◦ to 0.29 K with 0.05◦ × 0.05◦. The num-
ber of collocations increases when grid resolution decreases
from 2◦ × 2◦ to 0.1◦ × 0.1◦, then decreases with smaller grid
resolution. It should be noted that the number of collocations
are defined as the number of collocated grid boxes, and the
collocated TBs has been averaged at each grid box (if there are
multiple TBs at each grid box) before applying intercalibration
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Fig. 11. Impact of grid resolution on along-scan calibration: 1◦ × 1◦ versus 0.1◦ × 0.1◦ (both use identified global forest sites with 1-hour intercalibration
time difference). The absolute DD and degree of fluctuation change with grid resolution. Using 0.1◦ × 0.1◦ grid gives more accurate DD and best resolves the
along-scan information.

Fig. 12. Same as Fig. 11 but for 0.1◦ × 0.1◦ versus 0.05◦ × 0.05◦, where the 0.1◦ × 0.1◦ grid is better.
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Fig. 13. 10.65H anomalies detected with different grid resolutions: 2◦ × 2◦, 1◦ × 1◦ , 0.5◦ × 0.5◦, 0.25◦ × 0.25◦ , 0.1◦ × 0.1◦ , and 0.05◦ × 0.05◦, where
grid 0.1◦ × 0.1◦ is the best (they all use identified global forest sites with 1-hour intercalibration time difference). The identified global forest sites are used, and
intercalibration time difference is 1 h.

TABLE IV
IMPACT OF GRID RESOLUTIONS ON DDS AND THE CORRESPONDING

NUMBER OF COLLOCATIONS. USING THE 0.1◦ × 0.1◦ GRID HAS

THE MAXIMUM NUMBER OF COLLOCATIONS. THE ABSOLUTE

VALUE OF DDS SHIFTS WITH GRID RESOLUTIONS

methods. The number of collocations first increases with finer
grid because of the increase in the number of grid boxes,
then decreases with extreme fine grid due to strict constrains
for collocation since the distance between two FOVs from
reference and target radiometers has a distribution that tails off
toward small distance and has a minimum greater than zero.

These results indicate the importance of using appropri-
ate grid resolution. The COL-1 method does not work well
for warm-scene calibration because the use of a coarse grid
resolution is vulnerable to land inhomogeneity. Finer grid res-
olutions better constrain the collocation of FOVs to the same
scenes. On the other hand, grid resolutions cannot be arbitrarily
small since there is always some distance between different
FOVs. Too-fine grid resolutions can decrease the number of
collocations significantly. Our method provides more accu-
rate warm calibration because of the improvement of calibra-
tion techniques and more collocation for statistically robust
constrains.

While results are not presented here, we also examined
the impact of time differences on calibration. They have an
insignificant impact on the along-scan and average DDs. For
example, changing the time difference from 60 min to 30 min
does not produce a noticeable effect.

Fig. 14. Seasonal change in vicarious calibration sites, increasing in summer
and decreasing in winter.

D. Seasonal Change of Ground Sites

A noteworthy seasonal change is observed at these vicarious
calibration sites. Fig. 14 shows the distribution of available
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TABLE V
CALIBRATION RESULTS IN WINTER (MARCH–APRIL 2014)

TABLE VI
CALIBRATION RESULTS IN SUMMER (JUL–AUG 2014)

GMI-WindSat calibration sites in the Northern Hemisphere
winter (March–April) and summer (July–August), respectively.
A clear seasonal contrast is present. The contrast results from
the summer green-up of boreal forest sites in the Northern
Hemisphere through Alaska, Europe, and Russia, which almost
disappears in winter. Temperate and tropical sites also have
noticeable changes. Since the Southern Hemisphere has oppo-
site seasons, green-up occurs in Southern Africa and Australia
from March to April (winter in the Northern Hemisphere).

These season differences are further quantitatively illustrated
in Tables V and VI. The available data increase from winter to
summer, particularly for the Northern Hemisphere boreal sites.
In winter, the numbers of collocation data are 93, 1966, and
2278 in Alaska and West and East Russia, respectively, whereas
they are 16 307, 29 104, and 82 676 in summer. Regional differ-
ences still exist for the water vapor channels, both in winter
and summer. Consequently, the 23.8V channel has a seasonal
difference of 0.5 K between winter and summer.

The observed seasonal changes result from several causes.
In temperate regions, the deciduous trees defoliate in winter,
exposing the ground beneath the canopy. Since ground emission
generally has a large polarization difference, our algorithm
will automatically filter out those sites. In boreal regions, trees
are generally evergreen coniferous species. They also shed
needles but in a slower process. In addition, boreal sites have
snow in winter, which increases the polarization difference.
To verify this seasonal change, Fig. 15 shows the NDVI from
MODIS in winter and summer of 2014, respectively. NDVI is
a measurement of vegetation canopies based on chlorophyll-
induced differences in near infrared and visible light [36].

The NDVI maps show a similar seasonal change of vegetation
canopies.

The observed seasonal change has two implications. The
available data would be very limited if calibration were based
on fixed local regions, as used in the past. The seasonal shifting
will cause the change of usable data in any specific region.
The water vapor channels will be affected by the seasonal
change since the seasonal change is related to the regional
difference.

E. Using TA and TB Over Vicarious Forest Sites to
Diagnose Calibration

Boreal, temperate, and tropical forest sites can be used to
diagnose the performance of an individual radiometer. In partic-
ular, along-scan biases can be examined. Fig. 16 shows that the
average GMI along-scan TBs over Africa. Along-scan magnetic
anomalies and edge-of-scan biases are reproduced, similar to
the DDs in intercalibration. In addition, a small along-scan
signal is discerned, i.e., the sinusoid-like ripple with a peak-to-
peak amplitude of 0.1 K. The ripple is related to mechanical
scanning and has been observed in prelaunch testing [6]. In
fact, the ripple feature is present in DD results (see Fig. 3),
although not as clear as in the results shown here. For a specific
region, more data are obtained from an individual radiometer
compared with collocation-based methods that reduces data
due to collocation constraints. The small signals are persistent
throughout the scan position because they come from a larger
region (Africa), rather than from averaging data over different
small subgrids in intercalibration. Therefore, diagnosing data
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Fig. 15. MODIS NDVI in winter and summer, respectively, corresponding to Fig. 14. NDVI maps verify that there is a seasonal change in vegetation canopies [36].

Fig. 16. Along-scan TBs for different GMI channels from the African calibration sites. The along-scan biases are similar to those detected by intercalibration.
Additionally, the ripple signal with peak-to-peak amplitude of 0.1 K is discerned. It is also captured, but not as clearly, by the intercalibration method.

of an individual radiometer not only helps check the along-
scan performance but can also provide additional information
by discerning extremely small signals that would otherwise be
indistinguishable due to noise in the intercomparison process.

Fig. 17 shows the corresponding along-scan TAs. The ab-
solute value of TAs differs from that of the TBs because the
APC is implemented in the latter. In addition to the difference
of absolute values between TA and TB, there is a slight rela-
tive along-scan feature difference due to the APC. The APC,
which is developed by Remote Sensing Systems [6], [10], uses

prelaunch measured antenna pattern and RTM-based simula-
tions that are combined to derive empirical coefficients for
correcting spillover, reflector emissivity, cross-polarization, and
along-scan anomalies. The along-scan TA further confirms the
presence of anomalies, including the ripple. Without any em-
pirical correction applied, the TAs provide direct information
about instrumental performance and can be used to develop
empirical correction for calibration issues. These warm-scene
calibration results have been used and applied in GMI data for
improving calibration performance.
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Fig. 17. Along-scan TA at different channels from African forest sites. It can be combined with TBs for correcting along-scan biases and improving the
APC algorithm.

F. TB Gradient at Boreal Sites

While Section III-E shows the utility of using observed
TAs and TBs to examine along-scan performance, a significant
along-scan slope is observed in boreal sites. Fig. 18 shows the
along-scan TBs over East Russia. A pronounced slope is seen
in all channels. The along-scan features such as the magnetic
anomaly and edge-of-scan biases are still noticeable because
the slope acts as an additive signal. The along-scan slope is also
noticeable in temperate and tropical sites (see Figs. 16 and 17)
but not as significant as that in boreal sites.

The main cause is identified as the TBs’ spatial gradient
together with the GMI orbit geometry. Fig. 19 shows the mean
TBs in East Russia corresponding to Fig. 18. A typical GMI
swath is shown. GMI has an orbit inclination angle of 65◦, and
its conical scanning can cover higher latitudes up to 69.5◦. In
high-latitude regions, the GMI ground track is longitudinal, and
its scan direction is latitudinal. Meanwhile, this region has a
general latitudinal temperature gradient, with colder tempera-
tures poleward. Because of the orbit geometry and TB gradient,
the along-scan TBs tilt to one side of the scans. In low-
latitude regions, temperature spatial gradient is relatively less
pronounced, and the GMI track is no longer oriented longi-
tudinally. It should be noted that the local time differences
also affect the along-scan slope. GMI along-scan swath spans
about 900 km, which has local time difference along the lon-
gitude, although to a much smaller degree. An example is he
slightly along-scan slope over tropical Africa region as shown

in Fig. 16, which is not as significant as that in boreal sites due
to the latitudinal temperature gradients.

The slope can be removed by limiting region areas. For
example, Fig. 20 shows the new along-scan TB within a small
range of latitudes. The new boundaries have latitude ranges
of [50◦, 51◦] and longitude ranges of [80◦, 175◦], whereas the
original boundaries were [50◦, 75◦] and [80◦, 175◦]. The slope
is removed, although fluctuations increase due to a decrease in
data volume. It should be noted that this latitudinal gradient is
related to the low inclination of the GMI orbit.

IV. CONCLUSION

We find that boreal, temperate, and tropical forests are all po-
tentially useful vicarious sites for warm-scene calibration. We
present calibration methods for improving warm calibration,
examining the scan-dependent performance, and correcting the
APC algorithm (the along-scan correction is considered as
an extended APC). For instance, the warm-end method can
be used to examine and improve the calibration parameters
that are empirically derived and tuned, which is a necessary
complementary part to cold-end method over-ocean calibration
to cover the full dynamic range of TBs. Our key findings are
the following.

1) These sites can all be used for high-quality calibration.
The introduction of boreal, temperate, coastal, and island
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Fig. 18. Pronounced along-scan slope is present at boreal sites in East Russia. Similar slopes are found at other boreal sites but are not so significant at temperate
and tropical sites.

sites significantly expands the calibration sites, allowing
for near-global coverage. The TB dynamic range is ex-
tended to include colder TBs.

2) The addition of these new regions significantly increases
the available data volume by a factor of ∼30 compared
with using the Amazon rainforest alone. This allows for
more statistically robust analysis and more continuous
monitoring of radiometer performances, e.g., providing
a near-daily calibration status for GMI in this paper.

3) These calibration sites have a noteworthy seasonal
change, i.e., a green-up in summer and reduction in win-
ter. The winter reduction is due to the tree defoliation and
snow contamination. Our method is able to automatically
filter out contaminated sites.

4) By using these worldwide calibration sites, regional dif-
ferences are found, which are significant for water va-
por channels and have a strong latitudinal dependence.
Specifically, high and middle latitude regions, includ-
ing boreal and temperate sites, yield similar calibration,
which is different from tropical sites. The root cause is
not conclusively identified. However, the clear presence
of these differences implies that using limited sites, such
as the Amazon rainforest alone, could result in latitudinal-
dependent calibration biases.

5) Improved calibration techniques are developed, which
overcome the problem of surface inhomogeneity. The
grid resolution is found to significantly affect calibration.
The 1◦ × 1◦ grid size used in previous methods does not
work well for the warm-scene calibration, losing scan-

Fig. 19. Latitudinal temperature gradient and GMI orbit geometry result in
the observed along-scan slope in Fig. 18. A typical GMI scanning swath (blue
lines) show that GMI scans are latitudinal in boreal forest sites due to its low
inclination orbit. In addition, boreal TBs (color coded) are latitude dependent,
colder toward the poles. The two factors favor the along-scan slope, in addition
to the effect of local time difference along the longitude.

dependent features due to noise and shifting the absolute
value of DDs. The 0.1◦ × 0.1◦ resolution is found as an
optimal choice for the specific radiometers in this paper.

6) We illustrate the technique by examining the perfor-
mance of an individual radiometer using TB and TA
data. This technique not only reproduces scan-dependent
biases but also discerns extremely small signals, e.g.,
a scan-dependent calibration ripple with a peak-to-peak
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Fig. 20. Removing the along-scan slope in boreal forest sites by limiting the latitude range. The new boundaries have a latitude limit of [50◦, 51◦] and a longitude
limit of [80◦, 175◦], compared to the original limits of [50◦, 75◦] and [80◦, 175◦].

amplitude of 0.1 K in GMI, which is also detected using
the extended intercalibration method. This technique is
able to diagnose and improve calibration, scan-dependent
performance, and the APC algorithm.

7) When using TB and TA data, a distinct along-scan slope
is noticed in boreal sites, which is not so significant in
temperate and tropical regions. This is due to the latitu-
dinal TB gradient together with the GMI low-inclination
orbit, in addition to effect of local time difference. The
slope can be removed by limiting the region area, such as
the latitude range considered.
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