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Introduction

The High Resolution Infrared Radiation Sounder (HIRS) is an operational atmospheric
sounding instrument that has been carried on NOAA polar orbiting satellite series for more than two
decades. Itisatraditiona cross-track line scanning radiometer that measures scene radiancein the
infrared and visible spectrum. Among the twenty spectra channels, there are twelve long-wave
channels (669 to 1529 cm'™), seven shortwave channels (2188 to 2657 cm™), and one visible channd
(0.69 pm), al of which use a single telescope with arotating filter whed consisting of twenty
individual spectral filters. Andliptical scan mirror is stepped 56 times in increments of 1.8 degrees to
provide cross-track scanning. Thefidd of view for HIRS (HIRS/3 series) on NOAA-15,-16, and -17
is 1.4 degrees in the long-wave and 1.3 degrees for the shortwave channels. From an altitude of ~833
km, the HIRS footprint on the ground at nadir is 20.3 kmin the shortwave and visible channels, and
18.9 kmin the long-wave channels (ITT, 1998). Data from the HIRS instruments are used, in
conjunction with other instruments, to estimate the atmosphere's vertical temperaure profile, outgoing
long-wave radiation (OLR), and upper tropospheric humidity. The data are also used to determine sea
surface temperatures, total atmospheri c ozone levels, precipitable water, cloud height and coverage,
and surface radiance.

Cdibration of the HIRS infrared channels consists of i ndependent views of the onboard warm
blackbody and cold space. This provides a two-point caibration in which the calibration intercept
and slope for each channel can be computed and used to convert instrument output counts to radiance.
However, there are several complications in the operational HIRS calibration which affect the
calibration accuracy. HIRS calibrates only once every 40 scan-lines, or one cdibration cyclein every
256 seconds. As aresult, the cdibration coefficients between the calibration cycles haveto be
interpolated to the individual scan-lines. Inthe more than 20 year history of operationad HIRS
calibration, severd interpolation methods have been used and unfortunatd y, depending on which
method is used, these algorithms can produce HIRS leve 1b radiance data with significant differences
in scene brightness temperature. Operational HIRS instrument calibration has significant impact on
products at dl levels. Although the effect on weather applicationsis reatively smal, it isimportant
for long term climate studies where high calibration accuracy is required. In this study, the
operational HIRS calibration algorithms are evaluated, and sampl e test data sets are anal yzed to



quantify the effects. A new algorithm is proposed to reduce the calibration biases caused by the
previous calibration a gorithms.

The Calibration Algorithm for NOAA-KLM/HIRS

Prior to NOAA-15/HIRS, a smple calibration algorithm was used for HIRS/2 series of the
instrument. This algorithm (Kidwell, 1998) used the fixed calibration coeffid ents cal culated from the
last calibration scans on the first half scans of a super-swath and those cal culated from the following
calibration scans on the second half of the super-swath. Thiswas ardativey robust algorithm for
handling the peculiar calibration cycles of HIRS. Unfortunately, this algorithm may cause ajump in
the values of the brightness temperatures (Kidwell, 1998), especialy when the calibration coefficients
changed from one calibration cycleto the next.

With thelaunch of NOAA-15 in 1998, a new calibration algorithm (for darity, it isreferred to
as HIRS operational calibration algorithm version 3.0) was devel oped for NOAA-KL M/HIRS and has
been used in the operations (Goodrum, et a., 2000). In thisagorithm, it is assumed that the HIRS
instrument gain never changes appreciably within any 24 hour period. Therefore, it was believed that
a 24 hour average slope (inverse of gain) can be used to caibrate al the data during the period. This
simplified the calibration, especialy if the slopes at an individua calibration cycle became unreligble,
such asin the event of moon contamination in the space view. In addition, it was believed that the
secondary mirror baffle temperature contributes to the background radiation and thus affects the
intercepts for the earth view scan-lines between two cdibration cycles. Therefore, it was decided that
a correlation between the secondary mirror temperature and the intercept should be computed once
every 24 hours and used to correct theintercepts. Asaresult, the intercepts were determined using
the following equation:
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I’ mis theintercept for Earth view scan-line n (n=1to 38), I, isthelinear interpolation of the
intercept between the two closest calibration cycles, I’ 1 isthe correction to the intercept based on the

telescope temperature, |’ istheintercept at the calibration cyclek, n isthe scan-line number within



the calibration cycle (n=1to 38), T isthe secondary mirror temperature at the caibration cyclek,
and T isthe secondary mirror temperature a scan-line n.

There are severd problems with a gorithm 3.0 which can cause calibration errorsin the
operational calibration of HIRS data. The assumption of a stable instrument gain may not be valid. It
is true that during normal operations, the instrument gain of HIRS can be stable during a 24 hour
period, because the instrument gain is mainly affected by the background flux reaching the detector
from the filter wheel, which is normally stable (ITT, 1996). However, theinstrument gain will
changein response to the filter wheel temperature change. A typical scenario that happened to
NOAA-15/HIRS shows this process:

The HIRS filter whed normally has atemperature of ~285K which is not controlled. The
filter wheel temperature is not measured directly but is inferred from the filter whed housing
temperature, which has an operating temperature range of 273.15K to 333.15K. Althoughin normal
operations, this temperature only varies about ~0.1K per orbit, the temperature can increase due to
friction in the filter wheel bearing, which aso causes increased jitter and higher than normal filter
motor current. This may cause the filter whed to become out of sync. To aleviate this problem, the
filter housing heater is turned on to draw lubricants into the bearing, but unfortunately, it also further
increases the filter temperature (by as much as 8 degrees). This temperature increase significantly
changes the background flux reaching the detector. Since the HgCdTe detector has a nonlinear
response, the increase in the radiation reaching the detector causes the operating response range to
shift to adifferent portion on the non-linear response curve, which has a different gain. When this
occurs, the 24 hour average dope, which could be 24 hours old, is outdated. The opposite occurs
when the filter temperature drops from the high temperatureto anormal temperature. As aresult,
using this 24 hour average slope causes calibration biases (Cao and Hui, 2003; Brunnd 2002). Since
theradiance is for the most part alinear function of the slope, a1 percent error in the d ope trandlates
to 1 percent in radiance, or for the long-wave channds, 1 percent radiance error may cause as much as
1K error inthe observations. In redlity, errors on the order of 2-3% have been observed in some
channels of HIRS on NOAA-15 during such events.

Although the filter temperatureis relativel y stable on an orbit by orbit basis, thereis no
guaranteethat it will not fluctuate for any of the HIRS instruments. For exampl e, since 2002, the
NOAA-15 HIRS filter temperature fluctuates on the order of a few degrees severd times a month. At
the time of thiswriting, NOAA-15 HIRS had just recovered from the typical filter jitter problem that
lasted a few days, during which the radiance data could not be used in product generation due to
significant calibration biases.

In addition to the problem in the slopes, the method for computing the i ntercepts deserves
further analysis because it affects every scan-line of the dataat al times. In equation (2), the linear
interpolation of intercepts between calibration cycles (I ) is accurate if the change in the intercepts
between thesetwo cycdesislinear. However, as it was pointed out by agorithm 3.0, the background



flux may be affected by the tel escope temperature change within a cdibration cycle (or 256 seconds).
It should be noted that the tel escope temperature contributes to the background flux as awhole.
Although the secondary mirror temperature has the largest fluctuation, its effect alone may not be
accuratdy determined without a thorough thermal analysis of the system. On the other hand, at the
front of the telescope, the only temperature sensor availableis located near the secondary mirror.
Therefore, the secondary mirror temperatureis used to represent the therma environment of the front
of the telescope and its relationship to the intercept is rather empirical. Ideally, the correlation
between the intercept and the tel escope temperature should be determined in athermal model.
Therefore, it is possible that in the future, b; in equation (3) will be a variabl e determined based on

various parameters, including instrument component temperatures.
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Figure 1. Correation between secondary mirror temperature (SMT) and channd 2 intercept

for one sample orbit

Figure 1 shows thetypica correlation between the intercept and secondary mirror temperature
for one orbit of NOAA-17 data. It isclear that this correlation is not linear but elipticin shape.
Thereis adifferent correation between day and night time of the orbit, and thereis atransition period
in the polar regions. Therefore, the linear correlation assumption is not exactly valid, athough on the
first order, thereis agenerd correlation that is somewhat linear. Another criticism of thisanadysisis
the fact that in computing the intercept it applies a correation derived from global datato alocal
problem of secondary mirror temperature fluctuations. The globa correlation between the intercept
and the secondary mirror temperature is determined by a number of factors at various instrument
component temperatures, which is not the case within a superswath, where only the secondary mirror
temperature fluctuated. Finaly, it is arguabl e whether the secondary mirror temperatureisreliable
enough as an indicator of background flux. Thisis because the secondary mirror assembly has a
small thermad inertiaand its temperature fluctuates easily. The largest fluctuation occurs in the polar



region, where the sun can directly illuminate the back of the secondary mirror. However, not all of
the fluctuations may contribute to the change in the intercept. Because of the problems in the slopes
and intercepts described above, a new calibration al gorithm (al gorithm version 4.0) is devel oped and
described in the next section.

HIRS Calibration Algorithm Version 4.0

The main purpose of the HIRS calibration a gorithm version 4.0 was to correct the problem in the
calibration slopes in the previous a gorithm. In computing theintercepts, a switch is added to make
the correction using the tel escope temperature optional. Also, the linearly interpolated interceptsis
stored in the secondary calibration coefficients fidd in the level 1b data for comparison purposes.
Radiances produced by algorithm 4 and 3 have been compared using NOAA-15, -16, and —17 HIRS
data (Cao and Hui, 2003). Additional radiance comparisons with AIRS/AQUA have aso been
performed (Ciren and Cao, 2003). Algorithm 4.0 is expected to become the operational HIRS
calibration algorithm for NOAA-N (Kleespies, 2003). The detailed description of this algorithmis as
follows:

The slopes and intercepts at the blackbody scan-lines

For HIRS, the 48 space view samples followed by 56 blackbody view samples establish a
calibration cycle, which occurs every 40 scan-lines or 256 seconds. At each calibration cycle, the
dopes and intercepts at the blackbody scan-lines or “BB slopes and intercepts’ (also referred to as
“raw” slopes and intercepts) are computed for the 19 infrared channels and stored with the blackbody
view datainthe HIRS level 1b file (same asin the previous algorithm). However, due to the
increased significance of theindividual BB slopes and i ntercepts in algorithm version 4.0, the
following changes must be made.

When screening the space and BB view sampl es, those that are out of the gross limits for the
signed 12 bit counts should be removed, and then the standard deviation of counts computed. If the
standard deviation is within the noise level (NEDC = abs{ NEDN/slope}, NEDN is the instrument
noise specification), dl samples passed the screening. Samples deviated from the mean by more than
3 sigma should be removed and the mean recomputed for the next step. On the other hand, if the
standard deviation of countsis greater than the noise specification, it must be flagged in theleve 1b
data. Then use the median value of the samples for further processing.

This method is used for the last 48 samples of both the space and blackbody view in a
calibration cycle. Asaresult, aslong as the PRT data are valid, the caibration slopes are dways
computed unless all counts are out of the gross limits. The quality of the slopes is then eval uated
(discussed later).

The method for computing the BB slopes and intercepts at the calibration cycles remains the
same as that for dgorithm 3.0, with the exception that cons deration should be given in software



design to a possible non-linearity correction algorithmin the future. Currently spaces are reserved for
the quadratic termin theleve 1b data, athough it has never been implemented due to uncertaintiesin
the prelaunch non-linearity test results.

Calibration for a normal super-swath
a) Slope

A super-swath is defined as 40 scan-lines of HIRS data that start with a calibration cycle,
followed by 38 Earth view scan-lines (figure 2). For anormal super-swath in the middle of an orbit,
the calibration slopes for the 38 Earth view scan-lines of the current super-swath is the running
average of three values: the BB dopes of cacycle(k), calcycle(k-1), and calcycle(k-2), i.e,

calcycle(k-2) calcycle(k-1) calcycle(k)
I I I
leading previous super-swath current super-swath ending
partial super-swath partial super-swath

Figure 2. HIRS calibration cycles

S (k-1:K) = [S(k-2) + S(k-1) + S(K)]/M 4

Where:

S'(k-1:k) = therunning average of the three slopes, to be used for the 38 Earth view
scan-lines in the current super-swath

S(k-2) = the BB dopefor the cdibration cycle k-2

S(k-1) = the BB dopefor the cdibration cycle k-1

S(k) = the BB dope for the calibration cycle k

k = calibration cycle number

M = number of qualified BB slopes (see the quality control section) used for

averaging (M=1to 3)

There are severd reasons for using a running average for the slopes. First, thiswill provide
fresh slopes that are computed near the time of Earth observations, compared to the 24 hour average
dopesin the previous algorithm. Second, using a 3 calibration cycle average reduces fluctuations due
to noise. Third, the assumption hereis that the slopes at the three caibration cycles do not differ
significantly as long as the background flux has not changed significantly during theperiod. Thisisa
maj or improvement from the previous agorithm where it was assumed that the slope does not change
for any 24 hour period.



b) Intercept
First, theintercepts a the calibration cycles are recomputed using the average slopes derived
in the previous step.
I'(k) = -S' (k-1:k)*Cs (5)
Where: I’ (k) = the recomputed intercept for the calibration cycle k
S (k-1:k) = the average slope for the current super-swath
Cy = space-view count average for the calibration cycle k
Then, theintercept for each of the Earth view scan-lines between two calibration cydes are
interpolated using a slightly modified version of equation (1):
= 1@ + B 1) (6)
Wherel’ i istheintercept for Earth view scan-linen (n=1to 38), I'\y isthelinear interpolation of the
intercept between the two calibration cycles, and |’ t(n) is the correction to the intercept based on the
telescope temperature. fisaswitch with values of either O or 1. When § =0, I ) is effectivey
turned off.. The above equation for computing intercepts is essentially unchanged from agorithm 3.0,

except that the correction based on tel escope temperature can now be turned off.

Calibration for a partial super-swath

A partial super-swath occurs when an orbit of HIRS data does not begin or end with a
complete cdibration cycle. In both cases, the number of Earth view scan-linesin the super-swath
could be any number between 1 and 38. Currently most HIRS orbits have both beginning and ending
partial super-swaths. Partial super-swaths also occur when the data stream is broken in the middle of
an orbit. Furthermore, when the calibration coefficients cannot be computed for more than one
calibration cycle (such asin therare event of calibration breakdown), the remaining data should be
trested as a partial super-swath in data processing.

Since the BB slopes and intercepts are missing on one side of the partial super-swath, it is
generally recognized that the calibration coefficients for the partial super-swaths will not be estimated
asreiably as those for anormal super-swath. However, it should be noted that the six-minute data
overlap between succeeding orbits for the current NOAA polar-orbiting satdllites is specificdly
designed to cover the gapsin the HIRS partia super-swath. Since the calibration cycles are 256
seconds apart, in most cases, users requiring a continuous data stream should be able to safdy discard
both the beginning and ending partial super-swath, because the discarded data are actualy availablein
the adjacent orbit in afull super-swath. Conceptudly, if the HIRS orbits were processed sequentialy
in time, one could use the last BB cdibration coefficients from the previous orbit to interpolate the
calibration coefficients for the current beginning partial super-swath. However, not al HIRS orbits are
processed sequertially in the operati ons and the following alternative method should be used:

The calibration slope of a partial super-swath is the average value of the qualified slopes
(discussed later) from the nearest two (or at least one) calibration cycles available, either from the



previous orbit, or from within the same orbit. In case none of them is qudified, use the most recent
24 hour average. The cdibration intercepts for a partial superswath are computed using the same
method as d gorithm 3.0. For local receiving stations, b, in equation (3) (which is currently derived
from 24 hours of global data) may not be gppropriate for interpolating the intercepts for the local data.
Since the correlation between the tel escope temperature and the intercept varies over an orbit, the b,
values can be better estimated using thelocal data, separating day and night.

Data storage in the level 1b file

At the calibration cydes, the BB slopes and intercepts for each channel are stored a ong with the
blackbody scan-lines (same as dgorithm 3.0). The recomputed slopes and intercepts are stored along
with the spaceview scan-lines (which were zerosin algorithm 3.0). For Earth view scan-lines, the
recomputed slopes for the current superswath and the interpolaed i ntercepts are stored as primary
calibration coefficients. The recomputed g opes are also stored as the secondary coefficients, along
with thelinear portion of theintercept I'y. The 24 hour average slopes and the b, coefficients are
stored inthe level 1b header.

Moon Detection

It is known that the moon may contaminate the space view for severa consecutive orbitsin a
month. When this occurs, it may corrupt the calibration slopes for one caibration cycle (according to
modding). The AMSU moon detection and correction agorithm by Kigawa and Mo (2002) is being
implemented in operations. In this agorithm the moon is detected based on ephemeris data, and the
space view count is estimated based on the predicted moon temperature. Preliminary studies for
HIRS using the same d gorithm suggest that this algorithm can be used for HIRS moon detection.
However, correction based on predicted moon temperature requires further study due to complex
issues invol ving moon emissivity in theinfrared. Therefore, for HIRS calibration algorithm 4.0, the
same AMSU moon detection algorithm will beimplemented for HIRS. Once the moon is detected in
calcycle(k), the slope S(k) becomes invalid and should be removed from equation (4).

When the space view is contaminated by the moon, the intercepts for the cd cycle(k) can be
computed using the following equation.

I'(K) = Rop — Cop* S’ (k-1:K) @)

Where Ry,=radiance computed based on the PRT data.

Chub = blackbody view count

Hereit is assumed that the instrument gain did not change within the last two calibration cycles, and
the PRT measurements of the blackbody temperatureis valid. The moon as aninfrared caibration
source for stability monitoring of HIRS is currently under study and more details will be available
later.



Quality control on the calibration coefficients

Regardless whether the moon is detected, the surviving slopes will be checked to ensure that
their values are within 2% from their mean value. If not, the one furthest from the mean valueis
removed and the mean recomputed. This process continues till the condition is satisfied, or
dternatively, till only one slopeis|éft.

The mean slopes are then checked against their 24 hour orbit averages. If it deviates from the
24 hour average value by more than 10%, it is considered an anomaly and the 24 hour average vd ue
should be used instead (flagged inthelevel 1b data). If the slope for a channe is anomal ous, the
intercept is also suspect. Therefore, the intercept in this case should be taken from the last qudified
intercept (except in the case of moon contamination as discussed above). If this till fails, the 24 hour
average valueis used. For anewly launched HIRS instrument, the slope vaues are not checked until
24 hours of HIRS data have been collected and the normal slopes and intercepts for each channel have
been confirmed in off-line analysis.

The main assumption for a gorithm version 4.0 isthat the calibration slope for each of the 19
IR channe's does not change for more than 10% within any consecutive 24 hour period. Historica
data suggest that the 24 hour variation in the slopes during normal operations is less than 2%. The
dopes are most responsive to the filter wheel temperature change. In the extreme case of NOAA-
15/HIRS, a~6% changein the slope has been observed in some channels when the filter wheel
temperature changed a few degrees during a 24 hour period.

The 24 hour file used in the previous agorithm should be expanded to include the following
items for future use: Corresponding to the slopes and intercepts, for each caibration cycle, the solar
zenith angle and latitude at the nadir, the blackbody temperatures from all the individual PRTS, the
temperatures from the secondary and tertiary tel escope temperature sensors, the filter whed housing
temperatures, and the baseplate temperature. These parameters may be used in the future for
modding the b; valuesin equation (3). Finaly, all anomaies should be flagged in the level 1b data.
The details of the bit usage will be decided in the software design process and documented in the
user’s guide. All related parameters, such as the percent threshold values, will be subjected to changes
during the lifetime of the instrument. The threshold values used in the version 4.0 algorithm are based
on NOAA-KLM/HIRS data and their validity for future HIRS instruments needs to be determined
post-launch.

Concluding Remarks
The operational HIRS calibration algorithms have significant impacts on products at all
levels. Sincethe HIRS does not calibration every scan-line, the caibration coefficients between

calibration cycles have to be interpolated based on a number of assumptions. At least two cdibration



a gorithms using different interpolation methods have been used in the history of the operationa
HIRS calibration. The HIRS cdibration algorithm 4.0 is devel oped to correct the problems in the
previous version of the a gorithm, which has caused calibration biases on the order of a few degrees,
especidly inthelong-wave channels. A switchis added for the intercepts to make the correction
using the tel escope temperature optional. Also, thelinearly interpolated intercepts will be stored in
the secondary calibration coefficients field in the level 1b data for comparison. Algorithm 4.0 is
expected to become the operationa HIRS calibration a gorithm for NOAA-N.
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