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Abstract: The High-Resolution Infrared Radiation Sounder (HIRS) on the NOAA and the MetOp 
satellite series have provided global sounding measurements since the late 1970s, spanning over 40 
years. These measurements have been useful in climate change detection, numerical weather pre-
diction, and development of long-term climate data records of profiles of atmospheric temperature 
and humidity, cloud climatology, upper tropospheric water vapor, outgoing longwave radiation, 
etc. However, the HIRS instrument is being replaced by the new generation of sounders such as the 
hyperspectral Infrared Atmospheric Sounding Interferometer (IASI) on recently launched satellites. 
In order to continue and extend the HIRS record, we use IASI measurements to simulate and derive 
HIRS-like data for the 12 HIRS longwave channels. The MetOp satellite operated by EUMETSAT 
carries both the HIRS and the hyper-spectral IASI instrument with accurate spectral and radiometric 
calibration, providing a great opportunity to consistently calibrate the measurements. The IASI ra-
diances are convolved with the HIRS spectral response functions to produce IASI-simulated HIRS 
(IHIRS) for the longwave channels. In the present work, IHIRS data are collocated and compared 
with HIRS observed radiances on the same satellite to develop a calibration table for each of the 
ascending/descending orbits and cloudy and clear categories. The resulting inter-instrument cali-
brated IHIRS data was found to agree with HIRS brightness temperatures within 0.05 K for all 
longwave channels. 

Keywords: High-Resolution Infrared Radiation Sounder; climate data record; Infrared Atmospheric 
Sounding Interferometer; calibration/validation 
 

1. Introduction 
The High-Resolution Infrared Radiation Sounder (HIRS) instrument has flown 

onboard the NOAA series of polar satellites (TIROS-N to NOAA-19) and more recently 
on the MetOp-A and MetOp-B platforms operated by the European Organization for the 
Exploitation of Meteorological Satellites (EUMETSAT), spanning a total of 16 satellites 
over a period of more than 40 years (1978–2022 and beyond). It has not only provided 
valuable data for short-term weather prediction [1], but also allowed deriving long time 
series of climate quality data records of atmospheric temperature, moisture, ozone, cloud 
climatology [2–4], climate indices [5], upper tropospheric humidity (UTH) [6], outgoing 
longwave radiation (OLR) [7], and other geophysical parameters. The retrieval techniques 
for the geophysical parameters have evolved over generations beginning with a simple 
physically based system [8,9] to the current operational sounding system [10] maintained 
by NOAA. 
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In order to build a long-term dataset for climate applications, development of a Cli-
mate Data Record for temperature and humidity profiles has been initiated at the NOAA 
[11]. A key component of this effort is maintaining the long-term consistency of the prod-
uct through intersatellite calibration and evaluation of the consistency of retrievals of at-
mospheric temperature and humidity profiles through validation with independent 
sources. A key challenge in developing a long-term time series of climate data records 
from the HIRS channels has been achieving intersatellite consistency in the HIRS instru-
ment among the different satellites. The key inconsistencies arise due to varying spectral 
response functions (SRF) for different satellites for the same channel, which results in in-
tersatellite biases. The launch of the hyperspectral Infrared Atmospheric Sounding Inter-
ferometer (IASI) onboard the MetOp series, with simultaneous onboard HIRS instru-
ments, provides an excellent opportunity to reduce the intersatellite biases. Chen et al. 
[12] found that, by shifting the HIRS SRF in wavenumber space and convolving with the 
IASI spectra iteratively, optimized IASI-simulated HIRS data could be obtained, which 
reduced the bias significantly. In their study, an optimal SRF shift was derived for long 
wave channels (4, 5, 6, and 7) from NOAA-9 to MetOp-A. Figure 1 shows the shifted SRFs 
for the MetOp HIRS channels along with the weights. In a more recent study [13], the SRF 
shift was extended to other channels (1–3 and 10) from NOAA-6 to MetOp-B. 

 
Figure 1. SRFs for MetOp -2 HIRS channels 1–6 (left panel) and 7–12 (right panel). 

The primary focus of the present study is to produce HIRS-like data records into the 
future beyond the NOAA and MetOp HIRS series by utilizing the new generation of 
sounders. The IASI instrument has been providing radiances since July 2007. IASI is 
onboard MetOp-A, MetOp-B, and MetOp-C, which are expected to provide data for at 
least 18 years. A future mission, IASI-NG, is expected to fly on the Sentinel-5/MetOp-SG 
polar orbiting platform within the next 5 years. Thus, a continuation of long-term meas-
urements is planned with the MetOp second-generation satellites to start in 2024 and ex-
tend through 2046. Starting with the intersatellite consistent HIRS radiances, we develop 
an inter-instrument calibration between IASI-simulated HIRS and HIRS. 

2. Data and Methodology 
2.1. Data Sources 

This study uses the HIRS level-1b and the IASI level-1c data from MetOp-A. Both 
data are available from the NOAA’s Comprehensive Large Array Data Stewardship Sys-
tem (CLASS). The HIRS sounder measures scene radiance in 19 infrared and one visible 
channels. Only the first 12 channels are used in the present study (see Table 1). The HIRS 
instantaneous field of view is 20 km for HIRS-2 (prior to NOAA-15) and HIRS-3 (NOAA-
15 through NOAA-17), and 10 km for HIRS-4 (NOAA-18, NOAA-19, MetOp-A, and 
MetOp-B). The IASI instrument is a cross-track scanning Michelson interferometer 
providing hyperspectral measurements in 8461 channels in the spectral range of 645–2760 
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cm−1 (3.6–15.5 µm) at 0.25 cm−1 resolution in a 2 × 2 array of circular footprints with a nadir 
spatial resolution of 50 × 50 km2 and a corresponding single footprint spatial resolution of 
roughly 12 km at nadir. IASI has a very high radiometric accuracy of 0.1 K [13]. The HIRS 
on MetOp-A has been used as a reference satellite for an intersatellite calibrated HIRS 
brightness temperature dataset [11,14–16]. In this study, the HIRS on MetOp-A is also 
used as the reference satellite to calibrate IASI-simulated HIRS for the purpose of extend-
ing the intersatellite calibrated HIRS records. The IASI hyperspectral measurements are 
convolved with the HIRS SRF on MetOp to produce the IASI-simulated HIRS data, which 
are represented as IHIRS in this paper (see Section 2.2). 

Table 1. HIRS channel spectral characteristics used in the present study. 

Channel Central 
Frequency Wavenumber 

Main 
Absorbing 

Species 

Peak of the 
Weighting 

Function (hPa) 

 micron cm−1   

1 14.95 668.9 CO2 30 

2 14.72 679.2 CO2 60 

3 14.47 691.1 CO2 100 

4 14.21 703.6 CO2 400 

5 13.95 716.1 CO2 600 

6 13.64 732.4 CO2/H2O 800 

7 13.35 749.1 CO2/H2O 900 

8 11.11 900 Window/H2O Surface 

9 9.71 1030 O3 25 

10 12.47 801.9 H2O 900 

11 7.33 1364 H2O 700 

12 6.52 1534 H2O 500 

Cloud-clearing of the IASI footprints was performed [17] by collocating with the 
high-spatial-resolution measurements from the Advanced Very-High-Resolution 
Radiometer (AVHRR) on the MetOp platform. The cloud information at the full AVHRR/3 
resolution is available from Nowcasting Satellite Application Facility (NWC SAF) 
software distribution [18]. 

2.2. Convolution of IASI Radiances to HIRS 
The simulation of HIRS radiances with the IASI observed radiances involves the con-

volution of IASI radiances with the HIRS spectral response functions. 
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௜ܰுூோௌሺߠ, ߮ሻ = න ఔܰூ஺ௌூሺߠ, ߮ሻ ∙  ௜ሺ߭ሻ ݀߭. (1)ߔ

Equation (1) states that the HIRS i-th channel radiances, ௜ܰுூோௌ, can be simulated by 
convoluting the observed IASI radiances, ఔܰூ஺ௌூ, with the corresponding HIRS channel 
spectral response function, ߔ௜ , assuming that the IASI radiances sufficiently cover the 
spectral range of the HIRS SRF. 

The accuracy of the integral in Equation (1) is affected by the resolution of the IASI 
radiances. In practice, this integral is computed numerically as a weighted summation 
between the IASI radiances and HIRS SRF function as 

௜ܰுூோௌሺߠ, ߮ሻ = ෍௕
௝ୀ௔ ௝ܰூ஺ௌூሺߠ, ߮ሻ ∙  ௜,௝, (2)ߔ

where ௝ܰூ஺ௌூ  is the IASI j-th channel radiance, and ߔ௜,௝  is the normalized spectral re-
sponse function for the HIRS i-th channel averaged over the width of the IASI j-th channel. 
The summation over IASI channels [a,b] is performed over the extent of the spectral span 
of the given HIRS SRF. ߭ = wavenumber (cm−1), ߠ = view zenith angle or local zenith an-
gle (°), ߮ = relative azimuth angle (°), ߔ௜ሺ߭ሻ = normalized spectral response function for 
the i-th channel (unitless), ௜ܰுூோௌሺߠ, ߮ሻ  = TOA radiance of HIRS i-th channel 
(W·m−2·sr−1·(cm−1)−1), ఔܰூ஺ௌூሺߠ, ߮ሻ = TOA radiance IASI at wavenumber ߭ 
(W·m−2·sr−1·(cm−1)−1), ௝ܰூ஺ௌூ = IASI j-th channel radiance, and ߔ௜,௝ = normalized spectral re-
sponse function HIRS i-th channel averaged over the frequency range of the IASI j-th 
channel 

The brightness temperatures derived from the IASI channel radiance (Equation (2)) 
include limb effects for off-nadir scan angles, resulting in cooler observed brightness tem-
peratures. Correcting for the limb effects is discussed in Section 3.1. The convolved IASI-
simulated HIRS (IHIRS) and the actual HIRS brightness temperature (BT) data prior to 
applying the limb correction are compared in Figure 2 for a specific day in January 2011, 
indicating excellent correspondence between the two. Although the differences between 
IASI-simulated HIRS and HIRS measurements are generally small, mostly less than 0.5 K 
on average, such differences can produce discontinuity in a long-term time series; thus, 
for climate application, the simulated data need to be calibrated. This is discussed in Sec-
tions 2.3 and 3.2. 
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Figure 2. Spatial distribution of HIRS brightness temperature prior to limb correction for channel 6 
for a sample day (5 January 2011) for descending orbits in the top panel, while the middle panel 
shows the same for the IASI-simulated HIRS (IHIRS_DSC) prior to applying the limb correction. 
The bottom panel is the difference (IHIRS_DSC-HIRS_DSC) for the descending orbits. 

2.3. Calibration Methodology 
Figure 3 shows a flowchart of steps involved in the calibrations. Inter-instrument cal-

ibration between HIRS and IHIRS is developed by collocating nadir views (less than 5° 
view zenith) of IHIRS and HIRS data. Data are divided into ascending (6 a.m. to 6 p.m. 
local time) and descending (6 p.m. to 6 a.m. local time) orbits, and cloudy (greater than 
10% clouds) and clear (less than 10% clouds) scenes. The instantaneous field of view, scan 
rate, and cross-track scan coverage of the HIRS (IASI) instrument are 0.7°, 10 km (0.8°, 12 
km), and ±49.5, 56 footprints per scanline (±48.3°, 30 footprints per scanline, each contain-
ing four pixels), respectively. Owing to these different scanning patterns of HIRS and IASI 
data, both HIRS and IHIRS data are gridded into 0.1° by 0.1° bins so that the cloud fraction 
values available from IHIRS data can be applied and used to assess calibration for cloudy 
and clear scenes. The difference in brightness temperatures, dBT (IHIRS − HIRS) for each 
channel ICH, is expressed as a function dependent on the brightness temperature (BT) 
range, ascending or descending orbit (ASC/DSC), and cloudy/clear scenes for each month. 
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The BT data are binned into 10° bins from 180–350 K. Thus, we end up with a multidi-
mensional array, 

dBT (IHIRS − HIRS) = F(ICH, month, BT, ASC/DSC, CLD/CLR). (3)

 
Figure 3. Flowchart depicting steps in deriving C-IHIRS data. Acronyms ASC, DSC, CLD, and CLR 
represent ascending, descending, cloudy, and clear respectively. Parameters “parms” include 
brightness temperature and cloud conditions. 

The expression shown in Equation (3) forms the basis of our calibration table. The 
offsets dBT (Equation (3)) are applied to the limb-corrected IHIRS data (see Section 3.1 for 
details on limb correction) to produce the HIRS-like or calibrated IASI-simulated HIRS 
data, which are represented as C-IHIRS in this study (see Figure 3). 

3. Results and Discussion 
3.1. Limb Correction to the IHIRS Data 

Limb effects for the HIRS dataset were modeled [11] using the Radiative Transfer for 
TOVS (RTTOV v8.5) model simulations [19], followed by a multivariate regression using 
multiple HIRS channels. The limb effects depend on the temperature and water vapor. 
The regression coefficients are a function of scan angle, channel, and satellite. The tabu-
lated coefficients for MetOp-A HIRS were applied to the IHIRS data. The difference in 
brightness temperatures with limb correction and without limb correction, denoted here 

Start

HIRS L1B data from NOAA CLASS IASI L1C data from NOAA CLASS

Split into ASC/DSC and extract
nadir views of parms

Process into IASI simulated HIRS
(IHIRS)

Apply limb correction

Split into ASC/DSC, CLD/CLR
and extract nadir view of parms

Grid parms into 0.1º by 0.1º grid

Co-locate gridded HIRS and IHIRS data
and develop calibration table dBT

(IHIRS-HIRS) = F(ICH, MONTH, BT, ASC/DSC, CLD/CLR)

Apply calibration table to
limb-corrected IHIRS data

to derive C-IHIRS

End

Process to Brightness
Temperatures

Apply limb correction
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as the parameter DLC, was evaluated for both HIRS and IHIRS for various channels, and 
sample results are shown in Figures 4 and 5 for channels 6 and 12, respectively, for de-
scending orbits for 5 January 2011. The bottom panels in Figures 4 and 5 represent 
IHIRS_DLC-HIRS_DLC as a function of HIRS_DLC. The bottom panels were restricted to 
the latitude region of 40 S–40 N to avoid mismatch of pixels at high latitudes in the grid-
ded data due to different geolocations of pixels in the two sensors in overlapping orbits. 
The final limb-corrected BT for channel 6 corresponding to Figure 2 is shown in Figure 6, 
showing that the limb effect is removed, as evidenced by increased BT along both sides of 
scanlines, as well as the expanded BT range (see color bar compared to Figure 2). 

 
Figure 4. The difference in brightness temperatures with limb correction and without limb correc-
tion (represented as DLC) for 5 January 2011 for HIRS channel 6 (top) for descending orbits in the 
top panel, while the middle panel shows the geographical distribution of (IHIRS_DLC-HIRS_DLC). 
The bottom panel shows variation of the difference (IHIRS_DLC-HIRS_DLC) as a function of 
HIRS_DLC. Units for the color bar are in K. 
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Figure 5. Same as Figure 4, but for channel 12. 
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Figure 6. Limb−corrected BT for descending orbits for 5 January 2011 showing that the previously 
reduced BT along both sides of scanlines due to limb effect seen in Figure 2 is corrected. 
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3.2. Performing Inter−-Instrument Calibration 
We used the intersatellite consistent IHIRS in conjunction with the HIRS data to de-

velop an inter-instrument calibration. Three years of both HIRS and IHIRS data (2011–
2013) were used to develop the calibration. The variation of the difference in brightness 
temperatures, dBT (IHIRS − HIRS), as expressed in Equation (3), is shown in Figure 7. 
Each of the data points represents 1 month of data. 

The variability of dBT as a function of the BT range for the cloud category is shown 
in Figure 7a,b for all channels. The black symbols represent ascending orbits, and the red 
symbols refer to the descending orbits. There is large seasonal variation for BT values be-
low about 220 K for all channels. The dBT values show a downward trend for channels 1–
3 for cloudy and clear scenes (Figure 7a,c). Peaks of the weighting functions for ch 1–3 
occur at 30, 60, and 100 hPa, respectively, in the stratosphere. The seasonal variation of 
temperatures is governed by seasonal variations of ozone in the stratosphere. Hence, 
trends in dBT can be attributed to the variation in stratospheric temperatures due to sea-
sonal variations in the ozone, as well as the stratospheric dynamics. There is significant 
variability between the ascending and descending orbit dBT values especially for the strat-
ospheric and upper tropospheric channels (channels 1–5). Except for the upper strato-
spheric channels (1–2), dBT_clr shows a flatter response than dBT_cld for all channels. The 
dBT array shown in Equation (3) forms our calibration table to be applied to the IHIRS 
data in order to obtain calibrated IASI data which we refer to as C−IHIRS. 

  
(a) (b) 
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(c) (d) 

Figure 7. (a) Difference in brightness temperatures (dBT) between IHIRS and HIRS as a function of 
BT range (10 K intervals) for channels 1–6 for cloudy (>10% cloud) case. Each data point (black for 
ascending and red for descending orbits) represents a 3 year median value for 1 month. (b) Same as 
in (a), but for channels 7–12. (c) Same as in (a), but for clear (<10% cloud) skies. (d) Same as in (c), 
but for channels 7–12. 

The data shown in Figure 7 represent dBT values (IHIRS − HIRS) prior to applying 
the inter-instrument calibration. The final calibrated data, C−IHIRS, is determined as 
C−IHIRS = IHIRS− dBT. While 3 years (2011–2013) of IHIRS and HIRS data were employed 
to develop the calibration table, the offsets can be applied to other years to derive the C-
IHIRS data. Figure 8a shows a bar plot representing the difference in brightness tempera-
tures prior to applying the offsets (red color) and after applying the calibration for all 
categories (cloudy ascending, clear ascending, cloudy descending, and clear descending 
orbits) for the month of January, choosing a median value for that month using data for 
the years 2011–2015. For channels 2 and 3, the mean dBT values are generally small, indi-
cating a good performance of the convolution of IASI radiances with the HIRS channel 
spectral response functions. Therefore, the inter-instrument calibration is not performed 
on these two channels. In this study, the inter-instrument calibration was carried out for 
channels 1 and 4–12. Figure 8a shows that the dBT values after calibration were well below 
0.05 K. Figure 8b illustrates a similar pattern for July. The mean variability of bars shown 
in Figure 8 is provided in Table 2 in terms of standard deviation. 



Remote Sens. 2023, 15, 717 12 of 18 
 

 

 
(a) 



Remote Sens. 2023, 15, 717 13 of 18 
 

 

 
(b) 

Figure 8. (a) The performance of the calibration for all channels (1–12) for January. Clusters of eight 
bars for each channel. Red-colored bars represent dBT prior to calibration, and the other colored 
bars represent dBT after applying the offsets for each of the four categories (CLD_ASC, CLR_ASC, 
CLD_DSC, and CLR_DSC). dBT values are the median of 5 years (2011–2015). (b) Same as Figure 
7a, but for the month of July. 

A notable feature in Figure 8a,b is the opposite trends in dBT between cloudy and 
clear for channels 7–11. This feature only occurs in channels for which the presence of 
clouds can have a large impact on the measurements. We speculate that the large dBTs 
with opposite signs for clear and cloudy may have resulted from different ways of sensing 
through clear air or sensing the top of clouds between IASI and HIRS. After all, the IASI 
is a hyperspectral sensor, and HIRS is a broadband sensor. They sense and slice the at-
mosphere differently with different vertical distributions of weighting functions. Despite 
using the optimal SRF shift method of Chen et al. (2013) and Zhang et al. (2021) [12,13], 
where the overall averaged channel radiances of IHIRS (which include both clear and 
cloudy pixels) are adjusted to match HIRS radiances on Metop-A, the SRF shift method 
does not specifically address the measurement differences of clear or cloudy regions. 

Time series of median differences between C-IHIRS and HIRS followed a similar pat-
tern to that shown in the bar plots (Figure 8) in terms of averaged differences. Results for 
a sample CO2 channel (channel 6) are shown in Figure 9 for ascending orbits for both 
cloudy and clear sky situations. Figure 9 displays that, after the inter-instrument calibra-
tion, the differences between C-IHIRS and HIRS for channel 6 are reduced to around −0.01 
K for clear pixels and around −0.03 K for cloudy pixels. The results represent a significant 
improvement from the differences prior to the inter-instrument calibration (which were 
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approximately −0.2 K on average for channel 6). Other channels achieved similar improve-
ments after the inter-instrument calibration was performed. Figure 10 shows a time series 
similar to Figure 9, but for a water vapor channel (channel 12). 

 
Figure 9. Time series of median difference (C-IHIRS − HIRS) for each day from 2011 to 2015 for 
channel 6. 
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Figure 10. Same as Figure 9 except for channel 12. 

There is an indication that HIRS channel 6 on MetOp-A started to show signs of deg-
radation in 2015, marked by the sudden changes in dBT (C-IHIRS −HIRS) for both clear 
and cloudy pixels, although the changes were still small in 2015. By 2016 (not analyzed in 
the present study), several HIRS channels on MetOp-A were outside of the specification 
limit (https://www.eumetsat.int/metopA-spacecraft-status; accessed on 5 October 2022). 

Table 2. Mean standard deviation (mean of January, April, July, and October) of dBT after calibra-
tion for all categories in Figure 8. Units are in K. 

Channel CLD_ASC CLR_ASC CLD_DSC CLR_DSC 

1 0.005 0.008 0.007 0.011 

2 0.055 0.054 0.058 0.049 

3 0.049 0.046 0.053 0.044 

4 0.03 0.027 0.036 0.030 

5 0.016 0.014 0.018 0.017 

6 0.010 0.002 0.015 0.013 

7 0.013 0.009 0.015 0.011 
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8 0.006 0.010 0.004 0.006 

9 0.012 0.015 0.013 0.011 

10 0.007 0.009 0.007 0.009 

11 0.007 0.008 0.008 0.009 

12 0.026 0.025 0.03 0.026 

4. Summary and Conclusions 
HIRS has been one of the main instruments onboard the NOAA series of polar-orbit-

ing satellites and was recently introduced onboard the MetOp-A and MetOp-B operated 
by EUMETSAT. Owing to its long span of observations starting in 1978, high frequency 
of observations, and global area coverage, HIRS measurements have been used in moni-
toring the Earth’s climate system through the development of climate data records such 
as profiles of atmospheric temperature and humidity [11], upper tropospheric humidity 
time series [6], and outgoing long wave radiation [7]. Profiles of temperature and humid-
ity derived from HIRS channels [20] form an important input of the International Satellite 
Cloud Climatology Project (ISCCP) operational at NOAA. The study presented here offers 
methods to extend the HIRS data record beyond the mission life of NOAA satellites using 
new-generation operational sounding instruments such as IASI on board the EU-
METSAT’s MetOp satellite series. The high-spectral-resolution IASI measurements were 
convolved with the HIRS SRF to produce IASI-simulated HIRS radiances (IHIRS). In spite 
of the small differences between HIRS and IHIRS, further calibration was performed using 
collocated nadir views of IHIRS and HIRS data to account for the inter-instrument differ-
ences. We analyzed the brightness temperature differences separately between cloudy 
(>10% clouds) and clear scenes (>10% clouds), as well as between ascending and descend-
ing orbits, and then developed a calibration table for each month as a function of bright-
ness temperature range, cloudy/clear scenarios, and ascending/descending orbit catego-
ries. After applying a 3 year median value of the calibration table, the calibrated IHIRS 
data showed differences well below 0.05 K from the HIRS data for most of the channels. 
MetOp-A was used as a reference satellite in the present work. Continuation of HIRS-like 
data into the future will be possible through the MetOp second-generation satellites, as 
well as the Cross-Track Infrared Sounder (CrIS) on the Suomi National Polar-Orbiting 
Partnership (NPP) and the Joint Polar Satellite System (JPSS), into the 2023–2040 
timeframe. 
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Abbreviations 
HIRS High-Resolution Infrared Radiation Sounder 
IASI Infared Atmospheric Sounding Interferometer 
IHIRS IASI-simulated HIRS 
EUMETSAT European Organization for the Exploitation of Meteorological Satellites 
C-IHIRS Calibrated IHIRS 
BT Brightness temperature 
dBT Difference in brightness temperatures 
ICH Channel number 
ISCCP International Satellite Cloud Climatology Project 
DLC Difference in brightness temperatures with and without limb correction 
NOAA National Oceanic and Atmospheric Administration 
MetOp Meteorological Operational Satellite 
SRF Spectral response function 
NCEI National Centers for Environmental Information 
ASC Ascending 
DSC Descending 
CLD Cloudy (>10% cloud coverage) 
CLR Clear (<10% cloud coverage) 
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