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Abstract Measurements of brightness temperatures from
Advanced Microwave Sounding Unit-A (AMSU-A)
temperature sounding instruments onboard NOAA Polar-
orbiting Operational Environmental Satellites (POES)
have been extensively used for studying atmospheric
temperature trends over the past several decades. Inter-
sensor biases, orbital drifts and diurnal variations of
atmospheric and surface temperatures must be considered
before using a merged long-term time series of AMSU-A
measurements from NOAA-15, -18, -19 and MetOp-A. We
study the impacts of the orbital drift and orbital differences
of local equator crossing times (LECTs) on temperature
trends derivable from AMSU-A using near-nadir observa-
tions from NOAA-15, NOAA-18, NOAA-19, and
MetOp-A during 1998 —2014 over the Amazon rainforest.
The double difference method is firstly applied to
estimation of inter-sensor biases between any two satellites
during their overlapping time period. The inter-calibrated
observations are then used to generate a monthly mean
diurnal cycle of brightness temperature for each AMSU-A
channel. A diurnal correction is finally applied each
channel to obtain AMSU-A data valid at the same local
time. Impacts of the inter-sensor bias correction and
diurnal correction on the AMSU-A derived long-term
atmospheric temperature trends are separately quantified
and compared with those derived from original data. It is
shown that the orbital drift and differences of LECT among
different POESs induce a large uncertainty in AMSU-A
derived long-term warming/cooling trends. After applying
an inter-sensor bias correction and a diurnal correction, the
warming trends at different local times, which are
approximately the same, are smaller by half than the
trends derived without applying these corrections.
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1 Introduction

The Advanced Microwave Sounding Unit-A (AMSU-A) is
a cross-track temperature sounding radiometer. It came
into use since the launch of National Oceanic and
Atmospheric Administration (NOAA)-15 on 13 May
1998. NOAA-16, -17, -18, and -19 all carried AMSU-A
when they were successively launched during the time
period from 1998 to 2009. The AMSU-A has also been
flying on the National Aeronautics and Space Administra-
tion (NASA) Aqua Earth science satellite and the
European Organization for the Exploitation of Meteorolo-
gical Satellites (EUMETSAT) Meteorological Operational
(MetOp) series MetOp-A, -B. The AMSU-A provides 12
temperature-sounding channels that are located in the
oxygen absorption band within the microwave spectral
range from 50.3 to 57.3 GHz for profiling atmospheric
temperatures in the troposphere and low stratosphere (Mo,
1996), as well as three additional window channels to
provide simultaneously information of water vapor, cloud,
and precipitation within atmospheric columns (Weng and
Grody, 2000).

The AMSU-A observations are invaluable not only to
numerical weather prediction (NWP) (Andersson et al.,
1991; Eyre et al., 1993; Derber and Wu, 1998), but also to
climate studies (Zou et al., 2006, 2011; Zou and Wang,
2011; Wang et al., 2011). However, Polar-orbiting Opera-
tional Environmental Satellites (POES) satellites have
limited life spans. Before AMSU-A data from different
satellites are merged together for climate applications, an
inter-calibration among different POES AMSU-A instru-
ments must be carried out (Zou and Wang, 2011). A
simultaneous nadir overpass (SNO) method that is based
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on finding cross-over points near the Polar Regions
between two instruments (Cao et al., 2004) could be
used for the inter-calibration for microwave radiometers on
board Polar Operational Environmental Satellites (POES)
(Zou et al., 2006, 2014). Due to a limitation of the SNO
method producing a too small sampling size, an inter-
calibration algorithm based on the Double Difference (DD)
method was developed to explain the geophysical
variability of the brightness temperature measurements
from different instruments, as well as the individual
instrument characteristics such as center frequency, earth
incidence angle etc. (Kroodsma et al., 2012). It was shown
that the DD method provided consistent results with SNO
methods for when the same amount of data samples were
used (Wang et al., 2011). The DD method is adopted for
this study to conduct an inter-sensor bias correction.

In addition to an inter-sensor bias correction, a diurnal
correction is required for climate study based on the long-
term time series of AMSU-A data from different POES.
Ideally, a sun-synchronous satellite orbits around the Earth
and passes over the equator at two fixed local equator
crossing times (LECTs). A complete orbit around the Earth
takes about 103 minutes. In other words, an AMSU-A
instrument onboard POES takes measurements over a
targeted geographical location twice daily at two fixed
local times that are different from LECT for no more than
52 minutes on its ascending and descending nodes.
However, in practice, the satellite could drift slowly
away from its previous orbit due to atmospheric drag,
inhomogeneous gravitational fields of the Earth and other
factors (Privette et al., 1995). If a POES orbit experiences
such a drift, the LECT would change. Averaging the
ascending and descending orbital observations would not
completely cancel out the diurnal signals since the diurnal
cycle has an asymmetric feature. A diurnal correction must
be implemented before deriving global warming or cooling
trends from AMSU-A data. Mears et al. (2002) employed a
climate-model based method for estimating the diurnal-
cycle variation of brightness temperature on a 128x64 grid
of Earth locations for carrying out diurnal correction.
Specifically, the National Center for Atmospheric Research
NCAR Community Climate Model (CCM3) was
employed to produce hourly global gridded data of
atmospheric state variables such as atmospheric tempera-
ture and humidity profiles and surface temperatures. The
model-produced global data were then used as inputs to a
microwave radiative transfer model in order to simulate the
brightness temperatures for Microwave Sounding Unit
(MSU). The diurnal-cycle variation at each grid point was
finally estimated from the hourly datasets of MSU
brightness temperature simulations.

It is pointed out that the accuracy of the simulated
diurnal cycles would naturally depend on both the CCM3
forecasts and the radiative transfer model. Model errors on
diurnal cycles would then affect the trends derived from
the satellite data. In this study, AMSU-A data from

NOAA-15, -18, -19 and MetOp-A are chosen for use
directly to derive temperature trends by carrying out firstly
an inter-calibration and secondly a diurnal correction. The
paper is organized as follows: Section 2 gives a brief
description of the double difference method and diurnal
correction method. The results for inter-sensor biases and
diurnal-cycle variations are provided in sections 3 and 4.
Impacts of diurnal corrections on trends are provided in
section 5. Summary and conclusions are given in section 6.

2 Methods and methodology
2.1 AMSU-A data

AMSU-A is a cross-track instrument that measures
globally atmospheric and surface radiations in the micro-
wave spectra at 23.8 GHz (channel 1), 31. 4 GHz (channel
2) and 89 GHz (channel 15), as well as between 50.3 GHz
(channel 3) and 57.29+ 0.322+ 0.0045 GHz (channel 14).
Channels 1, 2, and 15 are window channels with their peak
weighting functions located at the surface. Channels 3 — 14
are temperature-sounding channels with their peak weight-
ing functions located around (950, 850, 700, 400, 250,
200, 100, 50, 25, 10, and 5) hPa (Tian and Zou, 2016).
There are a total of 30 Field Of Views (FOVs) per scan,
and the swath width is about 2300 km. The largest scan
angles of AMSU-A from nadir are £48.3°. The FOV
positions 15 and 16 have a near-nadir angle of 1.67° and
their nominal spatial resolution is about 48 km. A single
scan cycle of AMSU-A takes 8 seconds.

The AMSU-A data chosen for this study are those from
NOAA-15, -18, -19 and MetOp-A over the Amazon
rainforest (1°S—4°N, 53°W —59°W), which is one of the
largest homogeneous land areas on the Earth. The stability
of AMSU-A data over this region is due to the dense
canopy that heavily attenuates the surface radiation so that
only emissions from the canopy and atmosphere contribute
to the AMSU-A observation (Mo, 2007).

It is noted that data from channels 6, 11, and 14 of
NOAA-15, channel 8 of NOAA-19, and channel 7 of
MetOp-A are excluded from this study since these
channels were out of use. Also, unphysical measurements
(negative brightness temperatures) are removed from the
time series of AMSU-A data.

2.2 Double difference method

The long-term brightness temperature observations from
AMSU-A onboard NOAA-15, -18, -19 and MetOp-A were
inter-calibrated using the DD method. The AMSU-A
brightness temperature observations from NOAA-18 are
used as the reference data for the DD method, i.e., AMSU-
A data from NOAA-15, NOAA-19, and MetOp-A are
paired with AMSU-A data from NOAA-18. The AMSU-A
data within the specified overlapping time period of the
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paired satellites (see Table 1) are used in the DD method.
The AMSU-A data from each satellite pair are further
divided into pentad (5-day) datasets for reducing impacts
of data noise on biases derived from the DD method. Only
the near-nadir observations (e.g., FOVs 15 and 16) over
ocean under clear-sky conditions are selected. The clear-
sky conditions are defined as LWP<0.01 kg-m™, where
LWP is the cloud liquid water path derived from AMSU-A
window channels 1 and 2. Details for the LWP retrieval
algorithm can be found in Weng et al. (2003).

Table 1 The overlapping AMSU-A time periods for paired satellite

datasets

Satellite Paired with NOAA-18 Start date End date
NOAA-15 2005-05-24 2012-07-01
NOAA-19 2009-08-01 2013-03-28
MetOp-A 2007-05-24 2011-04-23

The Community Radiative Transfer Model (CRTM)
developed by the US Joint Center for Satellite Data
Assimilation (Han et al., 2007; Weng, 2007) is used for
obtaining simulated brightness temperatures for all the
selected AMSU-A observations. The inputs required by
CRTM include sensor information such as zenith angles
and locations, and model forecasts for surface parameters
and temperature and humidity profiles. The global model
forecast fields of the National Centers for Environmental
Prediction (NCEP) final operational global analysis (FNL)
data is used for the model simulations. By comparing with
an accurate line-by-line radiative transfer model (RTM)
— the Atmospheric and Environmental Research Inc.
(AER) Monochromatic Radiation Transfer Model
(MonoRTM) (Clough et al., 2005), Zou et al. (2011)
showed that the CRTM simulations in clear-sky conditions
are quite accurate.

For brevity, the AMSU-A observations are indicated as
O, and the CRTM simulations are indicated as B. For a
given channel,

Osat _Bsat = Ko, sat — UB, sat> (1)

Onoaa-18—Brnoaa-13 = Mo, NOAA—18 — MB, NOAA-18> )

where the subscript “sat” indicates the AMSU-A data from
one of NOAA-15, NOAA-19, and MetOp-A, [ig o =
Ogi— T, rue Tepresents the observation biases, fig e =
Bgai— T, e is the model biases.

Taking the differences of both sides between Egs. (1)
and (2) yields:

Osat 7Bsat - ONOAA718 7BNOAA718

= (Mo, sat — MO, NOAA— 18) - (MB, sat — MB, NOAA—lS)' 3)

Since the model and global forecasts used for simula-
tions for different sensors are the same, and the systematic
errors of both CRTM and NCEP FNL datasets are stable,
the long-term mean of fiz is assumed to be the same for all
the sensors, which lead to

(128, sat — P8, noAA -18) = 0. “)
Equation (3) can then be simplified as:

Ogat — Bsat — Onoaa—18 — Bnoaa—18

= [0, sat — O, NOAA—18> Q)

where 110 — 10, NoaA - 18 represents the inter-sensor bias
between the satellite “sat” (e.g., NOAA-15, -19 or MetOp-
A) and NOAA-18.

Based on Eq. (5), an inter-sensor bias can be obtained
from each paired pentad dataset. We may write down a
final expression for the inter-sensor bias between “sat” and
NOAA-18 (upp, sat) as follows:

HKDD, sat = OSat _Bsat - ONOAA— 18 _BNOAA— 18 - (6)

2.3 Mathematical formulation of the diurnal cycle

To implement the diurnal correction, the diurnal-cycle
variations of brightness temperatures need to be firstly
calculated for all AMSU-A channels included in this study.
This study employs a method similar to Mo (2007) for
calculating the diurnal-cycle variation of the brightness
temperature for AMSU-A. For a given region, the diurnal
cycles are calculated based on the monthly mean data for
each channel of AMSU-A. For each channel, diurnal-cycle
variations in all 12 months in a year are calculated.

In the following, the procedure for calculating diurnal
variation is provided using AMSU-A channel 1 data in
January over the Amazon rainforest as an example.
Brightness temperature observations over Amazon rain-
forest in January under “no-rain” conditions are selected
from AMSU-A onboard NOAA-15, -18, -19, and
MetOp-A each year. The AMSU-A data in rainy condi-
tions could be detected based on the depression of the high
frequency channel 15. Following Ferraro et al. (2000), the
scattering index (Slgg = T, ch1 — T, ch15) being greater than
3 K detects rainfall. In other words, the “no-rain” condition
is defined when the difference between the brightness
temperature of channels 1 and 15 is less than or equal to
3.0 K (SI39 <3.0 K). The local observational time for each
selected observation is firstly obtained by converting the
recorded Coordinated Universal Time (UTC) based on the
longitude of the observation. The selected observations
from NOAA-15, NOAA-19, and MetOp-A are inter-
calibrated with respect to NOAA-18 using the inter-sensor
bias obtained in Section 2.2. Every year, the AMSU-A data
from different POES generate two (ascending/descending)



4 Front. Earth Sci. 2018, 12(1): 1-16

monthly means of AMSU-A brightness temperatures at
different local times, which are denoted as Ty, o (7), 7 is the
monthly mean local time with the unit of hour. The values
of Ty, s (7) are calculated from all available AMSU-A data
on board NOAA-15, -18, -19, and MetOp-A.

After all the Ty, o (7) are obtained, the diurnal cycle is
estimated using the second-order Fourier series expressed
by the following equation:

2
Ty = Ag + Z(Ansinm‘) + B,cosnb)

n=1
= Ay + A;sinf + B cosl + A,sin20 + B,cos20, (7)

where 0 = Tlf—zt and 0<<7<24h, and A4, 4,, B, 4,, and B,
are unknown coefficients to be found from the data
Ty, obs () during an overlapping time period of NOAA-15,
-18, -19, and MetOp-A. T, o(7) can be expressed as
Ty, obs (0x)k =1, 2, ..., N, where N is the total number of
Ty, obs (0). Coefficients Ay, 4, By, A5, and B, in Eq. (7) can
be calculated from least square fitting method.

2.4 Linear trend calculation

The time series of AMSU-A brightness temperature
observations are given as {(1, Ty ;),i=1,2, ..., n},
where ¢ indicates the observational time with units of
Julian day, and T indicates the brightness temperature
observations. Assuming 7;, varies linearly with ¢, which
can be expressed as:

T, = o+ ft. (8)

Then the coefficients of « and S are solved using least-
square approach (Aldrich, 1998), i.e.,

min (Z (T3, i—a—ﬁr,-f). ©

i=1
The solutions for the coefficients of a and S are:

n

S (T - To)a- 7

717
ﬂ_ n 5

Z (t;-1)°

i=1

(10a)

(10b)

3 Inter-sensor bias corrections

Time series of double difference results for channels 1 and
5 of AMSU-A from NOAA-15 and NOAA-18, NOAA-19

and NOAA-18, and MetOp-A and NOAA-18 are shown in
Fig. 1. A colored single circle represents the double
difference between NOAA-15 (or NOAA-19, MetOp-A)
and NOAA-18 calculated using the double difference
method described in Eq. (5). The mean values of all the
colored circles are indicated by the solid lines with the
same color convention as the individual results. The
double difference results for each paired satellites at
window channel 1 (Fig. 1(a)) have larger spreads than
those of the sounding channel 5 (Fig. 1(b)). This is because
window channel 1 is highly sensitive to the surface
emissivity and thus has a larger variability and uncertainty
than the temperature-sounding channel 5 located in the
middle troposphere. It is also shown that the double
difference results are stable with time. With NOAA-18
data as the reference, NOAA-15 and MetOp-A have
positive constant mean inter-sensor biases of slightly
different magnitudes while NOAA-19 has a negative mean
inter-sensor bias.

In order to quantify and show the variability of the
double difference results, a set of scatter plots of the double

difference (O—B) g — (O—B)noaa— 15 for AMSU-A chan-
nels 1 and 5 are provided in Fig. 2. The O and B are
selected from pentad datasets under the condition of near-
nadir (FOVs 15 and 16) and clear-sky over ocean within
the latitudinal band of 1°S- 4°N during the overlapping
period of two satellites (see Table 1). It is confirmed that
the double differences for channel 1 have a larger spread
than channel 5. A smaller standard deviation suggests a
better representation of the inter-sensor bias.

The final values of the inter-sensor biases of all AMSU-
A channels between NOAA-15 and NOAA-18, NOAA-19
and NOAA-18, and MetOp-A and NOAA-18 based on the
estimation method described above are provided in
Tables 2—4.

4 Diurnal-cycle variation over the Amazon
rainforest

Variations of LECTs of NOAA-15, NOAA-18, NOAA-19,
and MetOp-A from ascending and descending nodes over
the Amazon rainforest during 1998—-2014 are shown in
Fig. 3. NOAA-15, NOAA-18, and NOAA-19 exhibit slow
orbit drift. For NOAA-15, the ascending (descending) orbit
drifted from a LECT around 2130 local time (LT) (0930
LT) in October 1998 to about 1640 LT (0440 LT) in June
2012. From May 2005 to March 2013, NOAA-18 drifted
from 1400 LT to 1515 LT in LECTs. NOAA-19 drifted
from 1350 LT to 1335 LT ECTs from August 2009 to
March 2013. Since MetOp-A has an Attitude and Orbit
Control Subsystem (AOCS) that can adjust the polar orbit
during its lifespan, the LECTs of MetOp-A barely drifted.
It is noted that as the orbit drifted, NOAA-15 changed from
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Fig. 1 Time series of double difference results for (a) channel 1 and (b) channel 5 of AMSU-A onboard NOAA-15 (N15), NOAA-19
(N19), MetOp-A (MOA) paired with AMSU-A onboard NOAA-18 (N18).

an early-morning satellite to an afternoon satellite during
its long lifetime.

The brightness temperature observations of channel 1 at
the descending and ascending nodes from NOAA-15, -18,
-19, and MetOp-A on January 1st, 2012 are presented in
Figs. 4(a) and 4(b), respectively. The brightness tempera-
tures have a significant warming pattern increased as the
LT changes from 0443 LT (NOAA-15 descending node) to
0949 LT (MetOp-A descending node) and decreased
cooling pattern as the LT changes from 1504 LT
(NOAA-18 ascending node) to 2114 LT (MetOp-A
ascending node). Such warming and cooling patterns
indicate the impact of a noticeably significant diurnal
variation of AMSU-A brightness temperatures for channel
1 over the Amazon rainforest. Although the four satellites
are all in the sun-synchronous orbits and able to provide
global coverage of observations, the observation gaps
occur when the ascending and descending orbits are
studied separately, which are shown in blank area in
Fig. 4(b).

The diurnal variations of brightness temperatures from
all 15 AMSU-A channels in January, and results for
channels 1, 5, 8, and 10 are shown in Fig. 5. The colored
circles are the near-nadir observations under ‘“no-rain”
condition (T}, ch; — T cnis <3 K). The mean values of the

monthly observations, which are indicated by triangles in
Fig. 5, are used to calculate the diurnal-cycle variation
using the method described in Section 2.3. As mentioned
before, the observations have been inter-calibrated with
respected to observations from NOAA-18 to improve the
consistency of the data from different satellites. Satellites
that experience orbital drifts provide measurements at
different local times. For example, when NOAA-15 drifted
during the period from 1998 to 2012, this satellite provides
measurements at the local times 0f 2130 LT and 0930 LT in
1998, but at 1640 LT and 0440 LT in 2012. The AMSU-A
window channels 1, 2 and 15 have larger diurnal variations
than the other 12 channels (results for only channel 1 is
shown). Channel 8 shows a relatively small diurnal
variation that the derived diurnal-cycle almost a horizontal
straight line. The diurnal variations of channels 1, 2, 3, 4, 5,
7, and 15 show sinusoidal patterns with their maxima
locating around the local time afternoon and minima in the
local time morning (results for channels 1 and 5 are
shown). However, for channels 6, 9, 10, 11, 12, and 14, the
diurnal-cycle variations exhibit noticeable semi-diurnal
signal with more than one maxima and minima. Further
investigations are needed to find out reasons for these
upper-level temperature-sounding channels to have not
only diurnal but also semi-diurnal variations.
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Fig. 2 Scatter plots of double differences (O—B) g, — (O—B)noaa—1g for AMSU-A channels 1 (left panels) and 5 (right panels). The
inter-sensor bias fipp, s,¢ and one-standard deviation are indicated by red dot and red box, respectively.
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Table 2 The inter-sensor biases for AMSU-A channels 1- 15 (except
for channels 6, 11, 14) between NOAA-15 and NOAA-18. The inter-

sensor biases between sat and NOAA-18 are estimated by

tgat = (O—B) gt — (O—B)Noaa—18- Tsat is the standard deviation

Channel Jhsat/K Tgi/K
1 0.272 0.241
2 0.085 0.162
3 —0.001 0.145
4 —0.121 0.047
5 —0.081 0.027
6 N/A N/A

7 0.545 0.037
8 0.232 0.048
9 0.736 0.044
10 0.499 0.056
11 N/A N/A

12 0.408 0.128
13 0.204 0.215
14 N/A N/A

15 0.303 0.257

Table 3 Same as Table 2 except for NOAA-19 and NOAA-18

Channel Jhsat /K Tat/K
1 -0.172 0.175
2 —-0.231 0.112
3 —-0.105 0.121
4 —-0.016 0.028
5 —-0.162 0.017
6 0.231 0.017
7 0.437 0.041
8 N/A N/A

9 0.485 0.037
10 0.463 0.039
11 0.502 0.056
12 0.381 0.095
13 0.594 0.147
14 0.218 0.173
15 0.319 0.179

5 Impacts of diurnal corrections on trends

For a given region, the diurnal correction is a method to
map the brightness temperature (7°°) measured at
different local times to a same reference local time based
on the calculated diurnal-cycle variation of T,. The

Table 4 Same as Table 3 except for MetOp-A and NOAA-18

Channel Jhsat/K Tgi/K
1 0.165 0.194
2 0.069 0.127
3 0.041 0.122
4 0.041 0.034
5 ~0.034 0.024
6 0.162 0.027
7 N/A N/A

8 0.205 0.031

9 0.442 0.043
10 0.485 0.050
11 0.459 0.076
12 0.123 0.144
13 —-0.651 0.241

14 —-0.786 0.329
15 0.367 0.184

diurnal correction can be described as the following
equation (Mears et al., 2002):

Tlgorr(tref) = l;)bs(tobs) + (Tdc(tref) - Tdc(tobs))s (11)

where T¢™ is the observed earth-scene brightness
temperature, Ty (¢) is the diurnal-cycle variation of
brightness temperature at the local time ¢ calculated by
Eq. (7), tops is the local time of the observation, f.f
represents a selected reference time, and 7¢°" is the
brightness temperature obtained after applying a diurnal
correction.

Figure 6 shows the time series of brightness temperature
observations of channel 1 from NOAA-15 from October
1998 to June 2012 before (Fig. 6(a)) and after (Fig. 6(b))
diurnal correction. The linear trend for the time series is
indicated by the black solid line. It is reminded that only
near-nadir observations under “no-rain” conditions over
the Amazon rainforest are included in Fig. 6. The AMSU-
A data from ascending and descending nodes are indicated
in blue and red, respectively. Without a diurnal correction,
the observations from the ascending nodes and the
descending nodes gradually deviate apart from each
other with time (Fig. 6(a)). The ascending data shows a
warming trend while the descending data shows a slight
cooling trend. The data from the ascending node also
exhibit larger seasonal variations than the data from the
descending nodes. After applying the diurnal correction,
the data from different nodes achieved a high consistency
and the annual variations are clearly seen in both the
ascending and decending nodes (Fig. 6(b)). The warming
trends are 0.909 K/decade and 0.398 K/decade without and
with applying diurnal correction, respectively.
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Fig. 3 Monthly mean of observational local times of multiple AMSU-As near-nadir observations from ascending nodes (solid lines) and
descending nodes (dashed lines) over Amazon rainforest during 1998-2014.

Figure 7 is the same as Fig. 6 except for NOAA-15
channel 5. The data from the two different nodes of
channel 5 also show better consistency after applying
diurnal correction. The decadal trends for brightness
temperatures of channel 5 from NOAA-15 without and
with diurnal correction are 0.255 K/decade and 0.122 K/
decade, respectively. It is noticed that the magnitude of
correction for the ascending nodes is greater than that for
descending nodes. This is because the NOAA-15 orbital
drift brings stronger diurnal signals into the AMSU-A data
at its ascending node, whose LECT changed from a
nighttime 2130 LT to a late afternoon time 1640 LT during
the period from October 1998 to June 2012. As the local
time of ascending nodes changes from nighttime to
afternoon, the brightness temperature increased as
expected. The LECT change of the NOAA-15 ascending
orbit gradually bought a warming signal from diurnal
variation into the climate trend. On the other hand, the
LECT of the NOAA-15 descending node changed from a
morning time 0930 LT to an early morning time 0440 LT.
The change of brightness temperature during morning is
not as significant as that for the ascending nodes. The drift
of descending orbit only brings a weak cooling diurnal
signal into the AMSU-A data. This explains that the
diurnal correction has larger impacts on the ascending than
descending data and averaging the ascending and descend-
ing nodes would not cancel out the impact of diurnal
variation due to a significant orbital drift.

Figure 8 shows the time series of NOAA-15 monthly
mean brightness temperatures at channel 1 before and after
applying diurnal correction at different reference local
times. The monthly data counts are indicated by grey

background. There was a noticeable seasonal variation of
data count, which is associated with a seasonal variation of
precipitation over the Amazon rainforest (Fig. 9). Since the
symmetric diurnal-cycle signal is removed from the
monthly mean data for which the ascending and descend-
ing nodes are averaged, the patterns of monthly means with
and without applying diurnal correction result in small
differences as expected.

The linear trends of brightness temperatures derived
from monthly mean of NOAA-15 AMSU-A channel 1
before and after applying diurnal correction with different
reference local times are shown in Fig. 10. The observa-
tions after applying diurnal correction at 0600, 0900, and
1200 LT have much smaller warming trends (colored lines)
than that without the diurnal correction (black line). The
trends for the diurnally corrected observations with
different reference local times show relatively small
differences. This implies that the choice of a reference
local time has very little impact on the long-term trends,
which is consistent with Mears et al. (2002).

Figure 11 presents the time series of channel 1
observations from NOAA-19, NOAA-18, NOAA-15,
and MetOp-A with no inter-sensor bias correction nor
diurnal correction (Fig. 11(a)), with inter-sensor bias
correction only (Fig. 11(b)), and with both the inter-sensor
bias correction and diurnal correction (Fig. 11(c)). Except
for the morning satellite MetOp-A, observations from three
afternoon NOAA satellites show large spreads (Fig. 11(a)
and 11(b)), which are associated with the large differences
between the brightness temperatures measured from the
ascending nodes and descending nodes. This large spread
disappeared significantly only after diurnal correction, and
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a uniformly consistent annual variation is clearly seen. The
trends of the data before and after diurnal correction also
have large difference. It is thus concluded that the diurnal
correction conducted in this study is quite effective. It
shows that the warming trends of the diurnally corrected
data are much smaller than those derived from the original
data.

Decadal trends for all 15 AMSU-A channels derived
from NOAA-15 only, and those derived from NOAA-15,
-18, -19 and MetOp-A are shown in Figs. 12(a) and 12(b),
respectively. The magnitudes of both the tropospheric
warming trends (i.e., channels 1 —8) and stratospheric (i.e.,
channels 9—11) cooling trends all decreased significantly
after the inter-sensor calibration and diurnal correction. As
mentioned before, the data from NOAA-15 AMSU-A
channels 6, 11, and 14 are excluded from this study, and the
data counts of these three channels are much fewer than
other channels. Since the diurnal correction removes the
diurnal signal induced by an orbital drift from the climate
trend, the long-term temperature trends from satellite
observations better reflect the warming of the physical
temperature of the atmosphere.

6 Summary and conclusions

In this study, AMSU-A observations from NOAA-15, -18,
-19, and MetOp-A during the time period from October
1998 to March 2013 are used for deriving a long-term
temperature trend. The data from NOAA-15, -19, and
MetOp-A are inter-calibrated with respect to those from
NOAA-18 using the double difference method described in
Section 2.2. The consistency of the AMSU-A stratospheric
channel data from multiple satellites has been highly
improved after applying an inter-sensor bias correction
using the results calculated from a double difference
method.

Once the inter-sensor biases are removed, a diurnal
correction is applied to AMSU-A onboard the four POES
satellites using near-nadir FOVs under “no-rain” condi-
tions over the Amazon rainforest. The diurnal variations
are well represented by the second order Fourier series for
each channel in each month. It is found that the accuracy of
the diurnal variation is improved by using the inter-
calibrated data from multiple POES satellites. For data
from NOAA-15, the diurnal correction effectively removes
the orbital drift induced diurnal warming/cooling signal
from the long-term trend for most of the channels. For the
data from the four satellites, the diurnal correction also
significantly improves the data consistency among the four
POES satellites, especially for the window channels with
relatively large diurnal variations. The diurnal correction
also improves the decadal trends derived from multiple
satellites data. After applying diurnal correction, the
warming trends at different local times are approximately
the same, but less than half of the trends derived from the
data without applying the diurnal correction.

This study can be extended to other sensors such as the
Microwave Sounding Unit (MSU) and Advanced Tech-
nology Microwave Sounder (ATMS) for obtaining satellite
temperature sounding data over a longer time period. The
same methodology can also be used for studies over other
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regions, especially the regions with large Diurnal Tem-
perature Range (DTR) (e.g., Tibetan Plateau) but lack of
conventional observations (e.g., Mid-Pacific Ocean).
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