
1. Introduction
Changes in the atmospheric temperature are one of the central indicators of global warming. Spaceborne 
satellites have been playing a vital role in measuring global atmospheric temperature trends during the 
past few decades (Christy et al., 2000, 2003; Spencer & Christy, 1992a, 1992b; Mears & Wentz, 2009, 2016; 
Mears et al., 2003; Po-Chedley et al., 2015; Spencer et al., 2017; Wentz & Schabel, 1998; Zou & Wang, 2011; 
Zou et al., 2006). These measurements were made from the Microwave Sounding Unit (MSU) and its fol-
low-on advanced MSU (AMSU) onboard the National Oceanic and Atmospheric Administration (NOAA), 
National Aeronautics and Space Administration (NASA), and European Organization for the Exploitation 
of Meteorological Satellites (EUMETSAT) polar-orbiting satellites. The MSU/AMSU instruments passively 
measure the upwelling radiances from the 50- to 60-GHz absorption band of the atmospheric oxygen in dis-
crete frequency channels (Kidwell, 1998). The radiance measured by each frequency channel comes from a 
different thick layer of the atmosphere, depending on the strength of the absorption at that frequency. The 
relative contribution of temperatures at individual levels to the measured layer temperature is represented 
by a vertical weighting function, which is typically a bell-shaped curve peaking at a certain height level. 

Abstract We develop a post-millennium mid-tropospheric temperature time series from continuous 
observations by advanced microwave sounders onboard satellites in stable sun-synchronous orbits. 
Such observations have high radiometric stability and do not experience diurnal sampling changes 
over time, allowing us to develop merged time series from multiple satellites with an accuracy better 
than 0.012 Kelvin/Decade. With such high accuracy, the resulting time series can be used as a reference 
measurement of climate variability and trends in atmospheric temperatures. The warming rate from 
this time series for the atmospheric layer between surface and 10 km is 0.230 ± 0.134 Kelvin/Decade 
during the period from 2002 to 2020, which is ∼14% higher than the existing satellite microwave sounder 
datasets. Our finding provides new insight on trend differences among microwave sounder temperature 
data sets developed by different research groups, and is also helpful in reconciling trend differences 
between satellite observations and climate model simulations.

Plain Language Summary Atmospheric temperature time series developed from satellite 
microwave sounder observations has been extensively used in climate change monitoring and verifying 
climate model simulations of climate change. However, uncertainties exist in the satellite merged products 
and their resulting atmospheric temperature trends, mainly caused by diurnal sampling changes over 
time and instrument calibration errors. Satellite products developed by different research groups produced 
different atmospheric temperature trends, undermining the capability of using satellite observations in 
global change monitoring. Here we develop a reference time series from 2002 to present using advanced 
satellite microwave sounder observations in stable sun-synchronous orbits for the detection of global 
mid-tropospheric temperature trends with accuracy better than 0.012 Kelvin/Decade. This high accuracy 
in trend detection was achieved because diurnal sampling drifting errors do not exit for satellites in 
stable orbits and that these measurements have high radiometric stability. This reference measurement 
is expected to help reconcile differences in climate trend comparisons among different satellite products 
and between climate model simulations and satellite observations during the post-millennium periods. It 
may also be helpful in the development of atmospheric temperature time series with a better accuracy for 
satellites before the millennium when used as a reference.
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The MSU (AMSU) channel 2 (5) at 53.74 GHz (53.595 GHz) measures temperatures in the mid-troposphere 
(TMT), a layer from the Earth's surface to about 17 km above with its weighting function peaking at about 
4 km. The unique feature of the MSU/AMSU measurements is that they provide global coverage without 
being affected by clouds. As such, they were extensively used for investigating global atmospheric temper-
ature trends and verifying climate model simulations of climate change during the satellite era from 1979 
to present (e.g., McKitrick & Christy, 2020; Santer, Fyfe et al., 2017; Santer, Solomon et al., 2017; Santer 
et al., 2018, 2019).

Several research groups had developed TMT time series, including the NOAA/Center for Satellite Ap-
plications and Research (STAR, Zou & Wang, 2011; Zou et al., 2006), the Remote Sensing Systems (RSS, 
Mears & Wentz,  2009,  2016,  2017; Mears et  al.,  2003), the University of Alabama at Huntsville (UAH, 
Christy et al., 2000, 2003; Spencer & Christy, 1992a; Spencer et al., 2017), and the University of Washington 
(Po-Chedley et al., 2015). These TMT time series were generated by merging similar microwave sounder 
observations onboard multiple satellites with overlaps. Uncertainties exist in the merged time series and 
its resulting atmospheric temperature trends, which were mainly caused by instrument calibration drifting 
errors over time (Christy et al., 2000; Zou & Wang, 2011; Zou et al., 2006), the influence of the instrument 
body temperature on the measured radiance (e.g., Christy et  al.,  2000; Mears et  al.  2003; Po-Chedley & 
Fu, 2012, 2013; Zou et al. 2006), diurnal sampling drifting errors owing to satellite orbital drifts (Mears 
et al., 2003; Po-Chedley et al., 2015; Trenberth & Hurrell, 1997), channel frequency differences between 
different generations of satellite microwave sounders (Mears & Wentz, 2016; Po-Chedley et al., 2015; Zou 
& Wang, 2011), and stratospheric cooling effect in TMT (Fu & Johanson, 2005; Fu et al. 2004; Spencer & 
Christy, 1992b; Wentz & Schabel, 1998). The origination of these errors and how they influence tropospher-
ic temperature trends are summarized in detail in Zou et al. (2018). Imperfect or incorrect corrections of 
these errors in the satellite merging processes resulted in uncertainties in the derived atmospheric temper-
ature trends, which further caused a global warming debate, especially when they were compared to model 
simulations of climate changes (e.g., Santer, Fyfe et al., 2017; Santer, Solomon et al., 2017; McKitrick & 
Christy, 2020). Studies had shown that simulations from both the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) and 6 (CMIP6) models exhibited TMT warming trends substantially larger than satellite 
observations (Santer, Fyfe et al., 2017; Santer, Solomon et al., 2017; McKitrick & Christy, 2020). In specific, 
the global mean TMT warming trends from the ensemble mean of CMIP6 model simulations were larger 
than satellite observations by a factor of 2 during 1979–2014 (McKitrick & Christy, 2020). The trend disa-
greement between climate model simulations and satellite observations were particularly large in the 21st 
century which could be partly attributed to the climate natural variability (Po-Chedley et al., 2021) and 
possible deficiencies in the post-millennium external forcings used in the model simulations (Santer, Fyfe 
et al., 2017). New evidence, however, also calls for further investigation and improvement of the satellite 
observations. Clausius-Clapeyron law poses a physical constraint on the ratio of tropical total column water 
vapor trends to atmospheric temperature trends (Mears et al. 2007; O’Gorman & Muller, 2010; Wentz & 
Schabel, 2000). Such constraint was very well maintained by both CMIP5 and CMIP6 model simulations 
(Santer et al., 2021). However, the satellite observed values of this ratio differs from model simulations by a 
factor spread as large as 2, depending on satellite data products used from different research groups (Santer 
et al., 2021). Such a comparison suggested that either the satellite-observed water vapor or tropospheric 
temperature or both might still contain large errors in climate trend detection. More accurate satellite water 
vapor and TMT data sets are required for reliable trend detection.

Our goal here is to develop a post-millennium TMT time series using advanced microwave sounder observa-
tions on polar-orbiting satellites in stable orbits. In a previous investigation, Zou et al. (2018) suggested that 
microwave sounder observations of individual satellites in stable orbits had achieved high radiometric sta-
bility performance within 0.04 K/Decade for most channels. Here we merge these satellite observations in 
stable orbits together. With stable orbits, these observations do not incur diurnal drifting errors. In addition, 
we use channel observations with exactly the same frequency on different satellites, eliminating possible 
errors owing to frequency differences. With appropriate overlaps, the resulting merged time series achieves 
an accuracy in trend detection better than 0.012 K/Decade. Global Climate Observing System (GCOS, 2016) 
recommends that measurement stability for deep layer temperatures should be better than 0.02 K/Decade 
for climate trend detection with high reliability. The TMT time series developed here exceeds the GCOS 
stability requirements. As a result, this time series can be used as a reference measurement for climate 
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trend detection and verifying climate model simulations of atmospheric 
temperature trends. We provide global TMT trends for the period from 
2002 to 2020 and compare with those from existing data sets developed 
by different research groups. We show that the existing versions of TMT 
time series developed including satellites with orbital drifts contain drift-
ing errors and underestimate the tropospheric warming by about 14%.

2. Satellites and Instruments
We use the AMSU channel 5 observations onboard NASA's Aqua and 
EUMETSAT MetOp-A satellites, and the Advanced Technology Micro-
wave Sounder (ATMS) channel 6 (also 53.596 GHz) observations onboard 
the NOAA/NASA Suomi National Polar-orbiting Partnership (S-NPP) 
and onboard the NOAA Joint Polar Satellite System-1 (JPSS-1, renamed 
NOAA-20 after launch) satellites to develop the TMT time series. The 
AMSU are the second and ATMS the third generations of satellite micro-
wave sounders following the MSU. A detailed description on the instru-
ment characteristics and data processing approaches are provided in the 
Supporting Information. The Aqua, S-NPP and NOAA-20 are afternoon 

satellites with their ascending Local Equator Crossing Time (LECT) and descending LECT fixed at close to 
1:30 p.m. and 1:30 a.m., respectively (Figure 1). The MetOp-A is a morning satellite with its ascending LECT 
and descending LECT fixed at close to 9:30 p.m. and 9:30 a.m., respectively (Figure 1). The launch times of 
these satellites were May 4, 2002 for Aqua, October 19, 2006 for MetOp-A, October 28, 2011 for S-NPP, and 
November 18, 2017 for NOAA-20. Their overlaps allow construction of a continuous time series. Our start-
ing point for developing the TMT time series is a global monthly brightness temperature (BT) data set with 
a 2.5° by 2.5° latitude/longitude grid resolution on ascending and descending orbits for each satellite. The 
conversions from satellite swath radiance observations to gridded data sets are described in the Supporting 
Information.

3. The Merged TMT Time Series and its Trends
We are interested in the deseasonalized BT anomalies which are defined as BT minus its monthly clima-
tology for the ascending and descending orbits for each satellite. Figure 2 shows the global mean anomaly 
difference time series between ascending and descending orbits for the four satellites, where the monthly 
climatology was calculated from the entire observation periods for each satellite. The means of the anomaly 
differences are exactly zero by their definition, with a standard deviation of 0.007–0.012 K. The trends of 
anomaly differences are less than 0.01 K/Decade that are statistically insignificant for the three satellites 
with longer observations. The trend for NOAA-20 is slightly larger due to short observations, but it is also 

statistically insignificant. With little differences, the ascending and de-
scending anomalies were averaged to give the daily mean anomalies for 
each satellite. To merge the BT anomalies from different satellites, we 
need to make an adjustment so that the BT anomalies of individual sat-
ellites are defined relative to the same monthly climatology. We take the 
MetOp-A monthly climatology as a reference and adjust the Aqua and 
S-NPP anomalies by subtracting a “monthly climatology” of the anoma-
ly differences relative to MetOp-A during their overlapping periods. We 
then adjust NOAA-20 to the adjusted S-NPP using their overlaps. After 
this adjustment, the anomalies from the four satellites are merged togeth-
er to generate a TMT time series for the entire 2002–2020 period for trend 
investigation.

Figure 3a shows the global mean anomaly time series of individual sat-
ellites as well as the merged time series, which is the average of two 
satellite observations during overlapping periods, and Figure 3b shows 
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Figure 1. Ascending Local Equator Crossing Time (LECT) for MetOp-A 
(red), Aqua (blue), Suomi National Polar-orbiting Partnership (S-NPP 
[purple]), and NOAA Joint Polar Satellite System-1 (NOAA-20 [gray]) 
polar-orbiting satellites. The descending LECT is 12 h apart from the 
ascending LECT. The data periods used in this study are 08/2002–12/2009 
for Aqua, 01/2008–12/2017 for MetOp-A, 01/2012–12/2020 for S-NPP, 
and 01/2018–12/2020 for NOAA-20. The S-NPP time series is overlaid by 
NOAA-20 during their overlapping period.

Figure 2. Global mean brightness temperature anomaly differences 
between ascending and descending orbits. The differences are for 
ascending minus descending (1:30 p.m. minus 1:30 a.m.) for Aqua 
(blue), Suomi National Polar-orbiting Partnership (S-NPP, purple) and 
NOAA Joint Polar Satellite System-1 (NOAA-20, gray) and descending 
minus ascending (9:30 a.m. minus 9:30 p.m.) for MetOp-A (red). The 
anomalies are relative to the monthly climatology calculated for the entire 
observation periods for each satellite.
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inter-satellite difference time series for relevant satellite pairs. The max-
imum trend seen in the inter-satellite differences is from the MetOp-A 
and S-NPP pair, being 0.033 K/Decade. Since there are no diurnal drifting 
errors and channel frequencies are identical for different satellites, this 
difference trend only represents relative drifts over time in calibration bi-
ases between MetOp-A and S-NPP. Calibration drifts over time are likely 
caused by instrument degradation. Specific mechanisms in instrument 
degradation causing this bias drift are unknown yet, but they may in-
clude changes in instrument amplifier nonlinearity (Zou & Wang, 2011), 
changes in side lobe efficiency due to instrument reflector degradation 
(Obligis et al., 2007), and measurement leakage incurred when the in-
strument antenna switches between the Earth view and calibration tar-
get views (Ruf,  2002). When satellites were calibrated independently, 
as used in this study, it is unlikely that their biases were drifting to the 
same direction to arrive at a small relative drifting error. As such, Zou 
et al. (2018) suggested that the relative drifting errors between satellite 
pairs in stable orbits shall represent the radiometric stability of individu-
al satellite observations. In a comprehensive assessment of inter-satellite 
difference time series for satellite pairs in stable orbits, Zou et al. (2018) 
found that most ATMS channels onboard S-NPP and AMSU channels on-
board MetOp-A and Aqua achieved a radiometric stability within 0.04 K/
Decade. The radiometric stability found here (0.033  K/Decade) for the 
MetOp-A and S-NPP TMT channel is consistent with those found in Zou 
et al. (2018). The required stability for deep layer temperatures to reliably 

detect climate trends is 0.02 K/Decade (GCOS, 2016). Consequently, the radiometric stability of TMT chan-
nel for individual satellites are larger than the required measurement stability.

After satellite merging, however, the measurement stability of the averaged trends would become smaller 
than the radiometric stability of individual satellites. Based on the measurement error analysis with small 
sampling size (e.g., Bell, 1999), the uncertainty of the averaged trends after satellite merging is expressed as 


Δ

2 N
, where Δ (=0.033 K/Decade) denotes the maximum relative drifting error, or spread of trends, and 

N (=2) the number of overlapping satellites. Note that the uncertainty of the averaged trends is determined 
only by the maximum relative drifting error and the number of overlapping satellites, regardless of the radi-
ometric stabilities of individual satellites. The underlying assumption for this uncertainty expression is that 
uncertainty in a single measurement equals one-half of the spread. This results in a trend uncertainty, or 
stability, of only 0.012 K/Decade for the merged time series over periods with satellite overlaps. By assuming 
that a satellite without overlaps (Figure 3a) has a drifting error of 0.033 K/Decade while each of the two 
overlapping satellites has one-half of this drifting error, we obtained a trend uncertainty also of 0.012 K/
Decade for the entire observation period of the merged time series based on statistical simulations.

Owing to its high accuracy, the merged TMT time series developed here can be considered as a reference 
measurement, abbreviated as RFTMT, for the variability and trend detection. The RFTMT trend in Fig-
ure 3a is 0.203 K/Decade, with a 95% confidence interval of ±0.134 K/Decade, during 2002–2020, where the 
confidence interval was calculated with autocorrelation adjustments (Wigley, 2006). Note that the meas-
urement uncertainty of trends as discussed above is different from the statistical uncertainty, or confidence 
interval, which is associated with the length and variability of a time series in trend calculations. Statistical 
uncertainty would typically be larger but become smaller as observations become longer (Wigley, 2006).

Based on its weighting function distribution, the global mean TMT trend contains about 13% of contribu-
tion from the lower-stratosphere and 87% of contribution from the bulk tropospheric layer from the Earth's 
surface to about 10 km (See the Supporting Information). During 2002–2020, the lower-stratospheric tem-
perature trend was close to zero (Supporting Information) and thus had negligible contribution to the TMT 
trend. This gives an actual tropospheric temperature trend of 15% (=1/0.87–1) higher than the TMT trend, 
being 0.230 K/Decade with a 95% confidence interval of ±0.134 K/Decade. When only the measurement 
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Figure 3. (a) Monthly global mean temperatures in the mid-troposphere 
(TMT) anomaly time series from Aqua, MetOp-A, Suomi National Polar-
orbiting Partnership (S-NPP), and NOAA Joint Polar Satellite System-1 
(NOAA-20) and the reference TMT (RFTMT) time series merged from 
these satellites; (b) inter-satellite difference time series before the merging. 
Anomalies are relative to a monthly climatology of RFTMT for the 
MetOp-A period from January 2008 to December 2017. Uncertainties in 
trend calculations represent 95% confidence intervals with autocorrelation 
adjustments.
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uncertainty is considered, this trend translates to a total tropospheric warming of 0.420 ± 0.022 K during 
2002–2020.

4. Comparisons With Other Satellite-Based TMT Time Series
Figure 4 compares the existing TMT data sets from STAR V4.1, RSS 4.0, and UAH V6.0 over ocean and land 
and globe (see the Supporting Information for a description of the existing data sets) with RFTMT. As seen, 
different versions of the anomaly time series show excellent agreement in variability (Figures 4a, 4c and 4e). 
This is expected since all of these data sets used channels with the same frequency that have the same sensi-
tivity to TMT changes. The main feature in the comparison is that RFTMT has warming trends larger than 
all of the existing data sets over both ocean and land by a range from the smallest 0.019 K/Decade (8%) for 
UAH over land to the largest 0.036 K/Decade (19%) for UAH over ocean, which are all statistically signif-
icant. The global mean trends of RSS, STAR, and UAH are biased cool by 0.018 K/Decade (10%), 0.030 K/
Decade (16%), and 0.031  K/Decade (16%), respectively (Figure  4f). The uncertainty in TMT trends that 
includes diurnal drifting errors is typically 0.042 K/Decade, determined by Monte Carlo approach (Mears 
et al., 2011). The cool biases in trends in the three data sets examined here are all within this range of uncer-
tainty. By average, the global mean warming rate from STAR, RSS, and UAH is 0.175 K/Decade, 14% lower 
than that from the RFTMT during 08/2002–12/2020.

The difference time series between the existing data sets and RFTMT over ocean (Figure 4b) and land (Fig-
ure 4d) provided clues on how their trend differences occurred. Over the ocean, all existing data sets show 
downward trends relative to RFTMT during 2002–2020, except that the STAR data had a warming spike for 
a few years before 2006 (Figure 4b). Diurnal drift corrections may cause trend uncertainties in the existing 
data sets on the order of 0.02 K/Decade over the ocean (Po-Chedley et al., 2015). However, since diurnal 
drift-related uncertainties are of random nature in different data sets, the common downward trends in 
STAR, RSS, and UAH relative to RFTMT can be most likely attributed to a common cause—calibration 
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Figure 4. Comparisons of temperatures in the mid-troposphere (TMT) time series between existing data sets and reference TMT (RFTMT) from the present 
study during August 2002–December 2020. (a) TMT monthly anomalies averaged over the global ocean; (b) Anomaly difference time series between existing 
data sets and RFTMT over the global ocean; (c) TMT monthly anomalies averaged over the global land; (d) Anomaly difference time series between existing 
data sets and RFTMT over the global land; (e) Global-mean TMT monthly anomalies; (f) Global-mean anomaly difference time series between existing datasets 
and RFTMT. Time series are plotted so that their mean differences during 08/2002–12/2003 are zero.
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drifting errors in NOAA-15 used in those data sets. It is known that NOAA-15 AMSU channel 5 had a large 
cooling drift at least in its later period of operations (Mears & Wentz, 2016; Mears et al., 2011; Spencer 
et al., 2017). The use of NOAA-15 observations in STAR V4.1 until August 2015 could explain its cooling 
trend relative to RFTMT. The RSS and UAH used NOAA-15 observations from close to its launch time to 
2010 and 2007, respectively (Mears & Wentz, 2016; Spencer et al., 2017). Cooling drifts in NOAA-15 before 
these cut-off years may still have affected trends and caused their overall cooling biases relative to the 
RFTMT.

The RSS data over land shows a cooling trend relative to RFTMT very similar to that over ocean (Figure 4d), 
which may suggest that its diurnal drift correction algorithms perform well over land. The UAH time series 
over land is much closer to the RFTMT than over ocean, suggesting an overcorrection of the diurnal drifting 
errors over land. The STAR time series over land wiggles relative to RFTMT, suggesting some inconsist-
encies in diurnal drift corrections. This will be improved in the STAR Version 5.0 that is being developed.

5. Discussion
We have developed a TMT time series using satellites only in stable orbits and propose to use it as a ref-
erence measurement in climate trend detection. This RFTMT achieves an accuracy of 0.012 K/Decade in 
climate trend detection, higher than the measurement stability requirement of 0.02 K/Decade as recom-
mended by GCOS (2016). In comparisons to the existing TMT time series developed from satellites with 
orbital drifts, the error structure of RFTMT is relatively simpler with smaller uncertainties in climate trend 
detection. This makes RFTMT a complement to the existing TMT products, although observation period of 
the former is shorter than the later. There are several benefits in using RFTMT in climate change investiga-
tions. First, with better accuracy, the RFTMT is expected to help understand and reconcile trend differences 
between different data sets. In specific, RFTMT could be used as a reference to recalibrate satellites with or-
bital drifts and in development of diurnal correction algorithms in future development of TMT time series. 
Such an application may improve the accuracy of TMT time series with longer observation periods. Second, 
the merging approach for developing RFTMT could be extended to other channels in microwave sound-
er observations, allowing development of temperature time series from the mid-troposphere to the upper 
stratosphere for studies of vertical structure in trends with better accuracy. As an example, post-millenni-
um reference layer mean temperature time series of the lower-stratosphere has already been developed by 
merging AMSU channel 9 and ATMS channel 10 using satellites only with stable orbits (not shown). Third, 
RFTMT could be used to examine trends from climate model simulations with better accuracy. This will 
help explore the role of climate natural variability and identify possible defects in climate model simula-
tions with higher confidence which will in turn lead to development of better climate models for improved 
climate simulations and predictions.

The current RFTMT includes only four polar-orbiting satellites with stable orbits. Other available satellites 
in stable orbits could also be added to the time series for a sustained monitoring of the tropospheric tem-
perature trends. These may include MetOp-C that is also a 9:30 a.m. morning satellite in the MetOp series. 
Owing to a gain jump found on October 17, 2016 in the MetOp-B AMSU instrument (See Supporting Infor-
mation), however, MetOp-B was not used in this study, although it has longer observations in stable orbits. 
Recalibration aiming at removing bias jumps in BTs caused by gain jumps is needed before MetOp-B can 
be used in the RFTMT time series for trend detection with high accuracy. Future JPSS satellites that will 
carry the ATMS instrument are all planned to be launched onto the same stable afternoon orbit as S-NPP 
and NOAA-20 in the next 15 years. These satellites will allow the RFTMT time series to extend into the next 
two decades and beyond. Furthermore, adding those satellites could also be helpful in filling possible gaps 
in time series and further reducing uncertainties in trend monitoring.

Data Availability Statement
The reference TMT data developed in this study are available from the NOAA/STAR website: https://www.
star.nesdis.noaa.gov/smcd/emb/mscat/products.php. We have used AMSU-A L1c data onboard Aqua and 
MetOp-A and ATMS L1c data onboard S-NPP and NOAA-20 in this study. The Aqua AMSU-A L1c data 
are accessible from the NASA GES DISC Data Archive website: https://airsl1.gesdisc.eosdis.nasa.gov/data/
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Aqua_AIRS_Level1/AIRABRAD.005/. The MetOp-A AMSU-A L1c data are accessible from the NOAA/
NCEI Climate Dara Record Program: https://www.ncdc.noaa.gov/cdr/fundamental.
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