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Abstract

A new database of monthly mean zonal mean (5° zones) temperature time series span-
ning 17 pressure levels from 300 to 7 hPa and extending from 2002 to 2012 was created
by merging monthly mean time series from two satellite-based mid-infrared spectrome-
ters (ACE-FTS and MIPAS), a microwave sounder (SMR), and from three satellite-based
radio occultation experiments (GRACE, CHAMP, and TSX). The primary intended use of
this new temperature data set is to validate the merging of the Microwave Sounding Unit
channel 4 (MSU4), and Advanced Microwave Sounding Unit channel 9 (AMSU9) tempera-
ture time series conducted in previous studies. The six source data sets were merged by
removing offsets and trends between the different measurement series. Weighted means
were calculated of the six source data sets where the weights were a function of the un-
certainty on the original monthly mean data. This new temperature data set of the upper
troposphere and stratosphere has been validated by comparing it to RATPAC-A, COSMIC
radio occultation data as well as the NCEPCFSR reanalyses. Differences in all three cases
were typically < 2K in the upper troposphere and lower stratosphere, but could reach up to
5K in the mid-stratosphere. The data across the 17 pressure levels have then been verti-
cally integrated, using the MSU4/AMSU9 weighting function, to provide a deep vertical layer
temperature proxy of the merged MSU4+AMSU9 series. Differences between this vertically
integrated data set and two different versions of the MSU4+AMSU9 data set — one from
Remote Sensing Systems and one from the University of Alabama at Huntsville — were ex-
amined for discontinuities. No statistically significant discontinuities were found in either of
those two data sets suggesting that the transition from the MSU4+AMSU9 data to AMSU9
data only does not introduce any discontinuities in the MSU4+AMSU9 climate data records
that might compromise their use in temperature trend analyses.
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1 Introduction

Reliable long-term data records are necessary to detect and understand climate change.
Vertically resolved trends in temperature provide a sensitive test of the mechanisms driv-
ing climate change (Thompson and Solomon, |2005; [Karl et al., 2006; |[Randel et al., |2009)
which in turn are vital to improving climate model projections of future climate. The Na-
tional Oceanic and Atmospheric Administration (NOAA) operated Microwave Sounding
Units (MSUs) on polar-orbiting satellite platforms from 1978 to 2005 and Advanced Mi-
crowave Sounding Units (AMSUs) from 1998 onwards. These nadir-looking instruments
became the primary source of long-term temperature climate records of the troposphere
and stratosphere even though their measurements were originally intended for short-term
weather forecasts, not climate applications. To create long-term homogeneous climate data
records, measurements need to be adjusted to account for inter-satellite biases, orbital
changes and calibration deficiencies, as well as small differences in radiometer frequency
and bandwidth between the MSU and AMSU instruments. Three such long-term records
are currently maintained by independent groups — Remote Sensing Systems (RSS) (Mears
and Wentz, [2009a, b)), the University of Alabama at Hunstville (UAH) (Christy et al., [2003),
and the Centre for Satellite Applications and Research (STAR) (Zou and Wang, [2011).
While substantial differences in temperature trends were found between the RSS and UAH
data sets in the stratosphere (Randel et al.,|2009), trends in the lower stratosphere between
(A)MSU data sets are generally comparable (Thompson et al.| 2012).

Satellite-based infrared sounders, as well as Global Positioning System (GPS) radio oc-
cultation (RO) experiments, offer high vertical resolution making them prime candidates to
extend the MSU temperature record and improve the monitoring of upper-air temperature
changes. Temperature measurements from infrared sounders typically have a measure-
ment uncertainty of < 2K with good horizontal resolution. RO measurements have mod-
erate horizontal resolution (~ 300km), but good vertical resolution (~ 1km) and are well
suited for high quality climatologies because of their low systematic errors (< 0.5K) and
high stability (Borsche et al., 2007). |Ladstadter et al.| (2011) found good agreement be-
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tween RO and radiosonde temperature anomalies, but statistically significant differences
in trend estimates from (A)MSU data compared to RO measurements which they believed
resulted mainly from the (A)MSU data.

In this study, monthly mean zonal mean (5° zones) temperature time series from six
satellite-based instruments, including-threethree European Space Agency (ESA) and Third
Party Missions (TPMs) and three RO instruments, are merged to create a new time series
of monthly mean temperatures on 17 pressure levels from 300 hPa to 7 hPa. This data set is
then vertically integrated using the (A)MSU vertical weighting functions to create a (A)MSU
proxy record suitable for assessing the continuity of the merged (A)MSU temperature data
sets by the RSS and UAH groups, focusing on the Temperature Lower Stratosphere (TLS)
product. The TLS series spans altitudes from 13 to 22km and results from merging the
MSU channel 4 (MSU4) and AMSU channel 9 (AMSU9) temperature time series.

The purpose of this study is to work towards the inclusion of ESA and ESA-TPM data in
stratospheric climate data records (CDRs). As a number of key US-based CDRs ended in
2005/2006 while ESA and ESA-TPM vertical profile observation records begin a few years
before 2005/2006 and continue to the present, ESA and ESA-TPM are potential candidates
to extend existing CDRs in time. While similar comparisons of RO data only with (A)MSU
have been performed (Ho et al.,|2009]; |Ladstadter et al., [2011}; [Steiner et. al, [2011) the mo-
tivation to use temperatures from different data sources, not only RO, was to create a new,
multi-instrument temperature CDR with smaller uncertainties. The temporal and spatial
overlap with the RO data should be sufficient to account for systematic biases between
the different instruments.

Section [2| describes the data sets used to compile our new vertically resolved tempera-
ture data set. In Sect. |3, the method used to merge the six source data sets is described.
The merged data set is then validated against RATPAC (Radiosonde Atmospheric Temper-
ature Products for Assessing Climate) radiosonde data, COSMIC (Constellation Observing
System for Meteorology, lonosphere, and Climate) RO data as well as the NCEPCFSR
(National Centers for Environmental Prediction Climate Forecast System Reanalysis) re-
analyses in Sect. 4] In Sect.[5] the new data set is vertically integrated using an appropriate
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weighting function to create an (A)MSU proxy. The resulting temperature time series is then
used to verify the merging of MSU4 and AMSU9 temperature series.

2 Data

Monthly mean zonal mean temperature records from satellite missions by the-Eurepean
Space-Agenecy(ESA-and-Third-Party-Missions(TPMs)ESA and TPMs, as well as RO data,
were created in collaboration with SPARC (Stratosphere—troposphere Processes And their
Role in Climate) as a project of SPIN (ESA SPARC Initiative). In the following sections, we
briefly describe the characteristics of the different instruments, and how the monthly mean
zonal mean data sets used in this study were produced from the individual temperature
profiles.

2.1 ESA and ESA-TPM temperature profiles

Temperature measurements from three instruments of ESA/ESA-TPM were used —
the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS), the Atmo-
spheric Chemistry Experiment — Fourier Transform Spectrometer (ACE-FTS) and the Sub-
Millimeter Radiometer (SMR).

MIPAS is a mid-infrared limb emission Fourier transform spectrometer on board the En-
vironmental Satellite (Envisat). This study is based on temperature data processed with the
MIPAS research processor at the Institute for Meteorology and Climate Research (IMK) at
the Karlsruhe Institute of Technology (KIT) in cooperation with the Institute de Astrofisica de
Andalucia (IAA-CSIC). In particular, the high spectral resolution data V30O_T_8 were used
from June 2002 to March 2004 with an uncertainty of 0.4—-0.8 K at ~ 3 km vertical resolution
for stratospheric altitudes (von Clarmann et al., 2003). For the time period from April 2004
to December 2004 no MIPAS data were available. From January 2005 to April 2010 the
reduced resolution data V5R_T_220 were used with an uncertainty of 0.5-1.4K and a ver-
tical resolution of 2-3.5km (von Clarmann et al., [2009b; Stiller et al., 2012). The horizontal
resolution of MIPAS temperatures is about 300 km for the high resolution data pre 2004
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and about 120 to 400 km for the reduced resolution data post 2004 (von Clarmann et al.,
2009a).

ACE-FTS is a Fourier transform spectrometer on the Canadian SCISAT satellite using
solar occultation mid-infrared spectra to retrieve vertical profiles of temperature. The uncer-
tainty on the ACE-FTS measurements has not been published, but the systematic error of
the Version 2.2 data is estimated to be 2K at 10-50km (Sica et al., 2008). The vertical res-
olution of ACE-FTS measurements is ~ 3—4 km (Bernath et al., 2005). As ACE-FTS makes
no more than 30 measurements a day, its spatial and temporal resolutions are lower than
those of the other instruments used in this study. Furthermore, ACE-FTS only measures
certain latitudes for a given time of the year.

Our temperature data set was created from Version 3.0 data covering February 2004 to
March 2011. The ACE-FTS product uses a priori information for pressure and temperature
at low altitudes from the Canadian Meteorological Center (CMC). After our analysis was
well underway, it was discovered that Version 3.0 data should only be used until the end of
September 2010 because of problems with how the pressure and temperature information
was extracted from the CMC models. These issues give inaccurate results for all of the
retrievals past this date (Boone et al., |2013). In addition, quality flags were recently intro-
duced for all level 2 version 2.5 and 3.5 data (Sheese et al., [2014), but no updated version
of the monthly mean zonal mean temperature data set used in this study has been made
available yet.

SMR is a passive microwave sounder on the Odin satellite with four tunable receivers in
the ~ 486-581 GHz spectral range as well as one mm-wave receiver. Temperature mea-
surements in the stratosphere are made in the 544.6 GHz band. Version 2.0 data from
August 2001 to April 2012 were used. The uncertainty of the temperature data is estimated
to be 1-3 K while the vertical resolution for the 544.6 GHz band is 4—6 km. No information
on any systematic errors is available.
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2.2 RO temperature profiles

The GPS RO limb sounding technique has many advantages compared to infrared sound-
ing measurements from space. The measurements are self-calibrating and independent of
the mission. Thus, there is expected to be no satellite-to-satellite bias or instrumental drift.
RO observations achieve global coverage with high vertical resolution of about 1 km in the
lower stratosphere. Measurements are minimally affected by aerosols, clouds or precipita-
tion, leading to very small systematic biases (equivalent to < 1 K; average systematic bias
is < 0.1 K) and small measurement uncertainties (0.02-0.05 K) (Anthes, 2011).

The CHAMP (CHAllenging Minisatellite Payload) satellite was launched in 2000 (Wickert
et al.l |2005). It provided the first long-term continuous GPS RO data set from May 2001
to October 2008. The temperature profiles have a vertical resolution of 1.5km and have
a systematic bias of ~ 0.5 K between 5-20km (Borsche et al., 2007).

The GRACE (Gravity Recovery and Climate Experiment) is a twin satellite configuration
based on CHAMP heritage (Beyerle et al., 2005) with similar resolution and uncertainty to
CHAMP (Wickert et al., [2005). The data set extends from January 2006 to December 2011.

The most recent RO data come from the Tracking, Occultation and Ranging instrument
package on board of the TerraSAR-X (hereafter referred to as TSX) that was launched in
2007 (Beyerle et al., [2011). The vertical resolution in the upper troposphere/lower strato-
sphere is about 500 m. The data set spans July 2008 to March 2012.

CHAMP, GRACE and TSX data were obtained directly from the GeoForschungsZentrum
(GFZ) Helmholtz Centre using Potsdam Occultation Software version 6.0.

2.3 Monthly mean zonal mean temperature records

The monthly mean zonal mean temperature records were derived in a format following the
specifications of the SPARC Data Initiative (SPARC-DI)(Hegglin and Tegtmeier, 2015). The
individual temperature profiles used to calculate the monthly mean zonal mean data sets
were first carefully screened according to recommendations given in relevant quality con-
trol documents, in published literature, and/or according to best knowledge of the instrument
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scientists. Linear interpolation in log pressure coordinates was used to interpolate individ-
ual temperature profiles onto the pressure-grid-SPARC-DI pressure grid, consisting of the
following 28 pressure levels: 300, 250, 200, 170, 150, 130, 115, 100, 90, 80, 70, 50, 30, 20,
15,10,7,5,3,2,1.5,1,0.7,0.5, 0.3, 0.2, 0.15, and 0.1 hPa. For instruments providing data
on an altitude grid, conversion from altitude to pressure levels was done using retrieved
temperature/pressure profiles or meteorological analyses. Zonal means were calculated as
the average of all of the measurements on a given pressure level within each-5° latitude
zonezones (with midpoints at 87.5° S, 82.5° S, 77.5°S, ..., 87.5°N). The standard error of
the mean of the measurements was used as uncertainty on the mean values within each
latitude zone at each pressure level.

Additionally, the RO data were screened such that temperatures below 150 K were omit-
ted as were temperatures above 330K.
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3 Constructing a single merged temperature climate data record

The monthly mean zonal mean temperature data sets from the three ESA/ESA-TPM in-
struments and the three RO experiments described in Sect. [2] were merged to create new
zonal mean monthly mean temperature time series in 5° latitude zones, henceforth re-
ferred to as the vertically resolved temperature (VRT) climate record or data set. As not all
of the six source data sets had measurements at all 2728 pressure levels mentioned in
Sect. only the first 17 pressure levels were used. RO measurements have been shown
to be an effective climate benchmark below ~ 25km altitude (Kuo et al., |2004; |Alexander
et al.l |2014). Comparisons of the annual mean zonal mean temperatures calculated from
the three RO data sets show agreement within 0.5 K in the lower stratosphere (~ 20 km) but
there is a robust bias that increases in magnitude with height, reaching 3-5K in the upper
stratosphere, near 40 km. GRACE is consistently warmer than both CHAMP and TSX in the
Southern Hemisphere and consistently colder in the Northern Hemisphere. Because of the
systematic bias of GRACE against both CHAMP and TSX, we exclude GRACE as a suit-
able benchmark data set for the construction of the merged product. Choosing between
CHAMP and TSX as an initial data set, CHAMP provides a longer data record.

Figure [1] shows graphically the process of how, starting with CHAMP as the benchmark
data set, the remaining data sets are successively merged. At each latitude zone and pres-
sure level, the data set with the biggest temporal overlap with CHAMP is chosen as the first
candidate to be merged with CHAMP. In the example of Fig. [l MIPAS is found to have the
biggest overlap with CHAMP. Thus, differences are calculated between the CHAMP and
MIPAS monthly mean temperatures and these are then modelled statistically using a re-
gression model that includes an offset and drift where the offset fit coefficient is expanded
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in Fourier pairs to also account for seasonality in the differences, i. e.:
f(t) = a1 + axt + azsin(2nt) 4+ aq cos(27t) + as sin(47t) + ae cos(4mt). (1)

The uncertainty of the difference function f(¢) takes into account possible correlations be-
tween the coefficients

aﬁ(t)_z(agé ) a7+2z Z %?a@]ﬁ - cov(as, ar) @)

=1 i=1 k=i+1

The statistical model fit from Eq. (1) is then used to correct the MIPAS data

Twiras corr (t) = Twipas(t) + f(t), (3)

and the model’s uncertainty is used to recalculate the uncertainty estimate of the corrected
MIPAS data

UMIPAS,corr(t) = \/U|%/||PAs(t) + szc(t), (4)

where oy pas is the uncertainty on the MIPAS mean temperatures. A new benchmark time
series is created by merging the original CHAMP time series with the corrected MIPAS time
series by calculating a weighted average

WCHAMP * TCHAMP + WMIPAS,corr * TMIPAS, corr (5)

Tmerged = )
WCHAMP + WMIPAS, corr

where the weights are given by w, = 1/02. The uncertainty in the correction applied to the
MIPAS monthly means is incorporated into a new estimate of the uncertainty on the monthly
mean

1
Omerged = (6)
9 VWCHAMP + WMIPAS corr

The process is then repeated using each remaining data set in the order of decreasing
temporal overlap with the iteratively revised benchmark data set. For the example in Fig. [f]
10
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after merging MIPAS with CHAMP, this is found to be GRACE. Differences between the
GRACE monthly mean temperatures and those of the new benchmark data set of CHAMP
merged with corrected MIPAS are then used as input to a new statistical model to derive
corrections to be applied to the GRACE monthly means. This process is repeated, consec-
utively folding the MIPAS, GRACE, TSX, ACE-FTS and SMR into the original CHAMP data
to successively extend the CHAMP data set. The order in which the data sets are merged
can be different for each latitude zone and pressure level depending on the availability of
data.

The inclusion of each additional data set reduces the uncertainty on the final product (as
long as they are appropriately corrected). The monthly mean data from an instrument are
excluded from this merging process if there are fewer than 4 measurements in a particular
month or the number of measurements in the month is less than 5% of measurements—of
the-month-with-the-highest-number-of-measurements-the maximum within that year. The
new VRT climate record consists of such a temperature time series for every 5° latitude
zone and on the following 17 pressure levels: 300, 250, 200, 170, 150, 130, 115, 100, 90,
80, 70, 50, 30, 20, 15, 10, and 7 hPa.

RO instruments measure dry temperatures while the ESA and ESA-TMP instruments
record physical temperatures. Our merging algorithm makes no explicit distinction between
the two. As our data set only starts at 300hPa, it is safe to assume that the dry air condi-
tion holds in the extra-tropics (Danzer et. al., [2014; Ladstadter et al., 2015) . In the tropics,
this assumption might be violated under some conditions. However, as the regression fit
of Eq. is done for each latitude zone and pressure level, separately, it allows for a lat-
itudinal and altitudinal dependence that can produce bigger adjustments in the tropics at
low altitudes than in the extra-tropics. As CHAMP is the initial data set used in the merging
process, the resulting temperatures in our merged VRT data set should be considered dry
temperatures.

11

oded uorssnosyq | Jodeg uorssnosiyq | J1edeq uwotssnosyq | Ioded UOISSNoSI(]



4 Validation of the VRT climate record

The merged temperature database described above was validated against the following
three independent data sets:

1. The radiosonde-based RATPAC-A (Free et al.| |2005) database.
2. A COSMIC (Anthes et al.,[2008) RO zonal mean monthly mean temperature data set.
3. ANCEPCFSR (Saha et al.l|[2010) monthly mean zonal mean temperature data set.

The comparison of the vertically integrated temperature data set against the merged
MSU4+AMSU9 data set (presented in Sect. [5) also provides a partial validation of the VRT
data set.

4.1 Validation against RATPAC-A

The RATPAC-A data set provides annual anomalies on pressure levels and is aggregated
over seven large geographical regions, namely a global data set, the Northern and Southern
Hemispheres, the tropics (30° S to 30° N) and extra-tropics, as well as a narrower tropical
zone from 20° S to 20° N. Area-weighted annual means were calculated for those seven
geographical regions from our VRT database for comparison. Because RATPAC-A data are
only provided as anomalies, and because the period over which the anomalies are cal-
culated could not be ascertained from the available RATPAC-A documentation (nor from
e.g. D. Seidel, personal communication, 2013), the RATPAC-A anomalies were first sub-
tracted from the VRT annual time series at each pressure level and then the mean of the
resultant time series was subtracted. If the inter-annual variability in our merged data set
and RATPAC-A were identical, the resultant time series would be uniformly zero, i.e. we
compare the ability of the two databases to track inter-annual variability in the temperature
signals.

Figure [2| shows the comparison of the inter-annual variability for the Southern (a) and
Northern (b) Hemispheres as a function of pressure and time. At 25050hPa and at
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300100 hPa differences in inter-annual variability can exceed 1 K while at lewer-higher pres-
sures, differences are generally less than +0.5K.

Differences in the inter-annual variability are smaller on all pressure levels in the tropics
(Fig. [2t and d). In extra-tropical regions (Fig. [2e and f), the anomalies are in general alse
small-less than 1K at all pressure levels;but-can-be-as-targe-as—+15. However, there
are notable inter-annual differences. In 2004, the anomalies are up to 2K atHow-pressure
levelsof-30-to-5higher in the Southern Hemisphere while up to 1 hPa-in-2004/05-as-wel-as
at-300K lower in the Northern Hemisphere across all pressure levels. In 2005 and 2006,
positive differences of up to 1 K can be seen in both Hemispheres, but only at low pressure
levels (< 100 hPain-2011-). Similar comparisons are also available for the whole globe (not
shown here). The ability of the VRT data set to track year-to-year variability over most of
the upper troposphere and stratosphere at the +£0.5K level indicates that this database
includes a valid representation of inter-annual variability in temperatures over this region
(with the exception of the extra-tropics in the time period from 2004 to 2006).

4.2 Validation against a COSMIC radio occultation data set

The COSMIC RO data set used for this validation was created in the same way as the other
RO data sets used in the construction of the VRT climate record described in Sect.
The COSMIC RO data set was retained as a means of validating the VRT data set, rather
than being used in the construction of the data set. Comparisons between the VRT and
COSMIC RO data sets were made at all 17 pressure levels for which the databases are
available. Examples of comparisons at four different pressure levels are shown in Fig.[3| In
general, temperature differences are more pronounced from 2009 onwards after the end of
the CHAMP record that was used as an initial benchmark. At 10 hPa the VRT values tend to
be up to 35K lower than the COSMIC temperatures south of ~ 20° S and up to 35K higher
than the COSMIC temperatures north of ~ 20°S. At 100 hPa the differences are smaller,
typically within 42 K, with merged temperatures being lower than COSMIC temperatures at
higher latitudes and higher than COSMIC temperatures at lower latitudes.

13

| 1odeq uorssmosyq | 1edeg uorssnosyq | Ieded UOISSnosI(]

TodeJ UOISSNOSI(]



The latitude zone over the tropics where merged temperatures are higher than those of
COSMIC diminishes in width with increasing pressure and at around 200 hPa the pattern
reverses, i.e. merged temperatures in the extra-tropics are higher than COSMIC and lower
in the tropics (see Fig.[3c and d).

South of ~ 60° S, there is a distinct temporal dependence with VRT temperatures con-
siderably cooler in the months of October and November.

The temperature differences relative to the COSMIC data set are typically of the order of
+1.5K at lower altitudes up to a pressure level of 50 hPa, but can become relatively large,
reaching about 4K at lower pressure levels of 7hPa. There is also a distinct difference
apparent between the tropics and extra-tropics. At low altitudes (up to 200 hPa) merged
temperatures are typically lower in the tropics and higher in the extra-tropics, but the op-
posite in sign at higher altitudes (< 200 hPa). As this happens mainly after the end of the
CHAMP record from 2009 onwards, this bias of VRT in the tropics might indicate prob-
lems with adjustments of ESA and ESA-TPM physical temperatures to dry temperatures.
Where CHAMP data was available, the differences are with COSMIC are close to zero in
the tropics, but increase after 2009 at the 200 hPa level (Fig. [3]d)

4.3 Validation against NCEPCFSR reanalyses

NCEPCFSR reanalyses were linearly interpolated onto the log pressure levels of the VRT
data set and then area weighted monthly mean zonal means were calculated for all pressure
levels.

Figure [4] shows differences in temperature between the VRT and the NCEPCFSR data
sets. The VRT datasetcan-be-up-to-Stemperatures are typically within +1 K warmer-than-of

NCEPCFSR at 10 hPawith-a-targer-bias-in-the-NorthernHemisphere-than-inthe-Southern
Hemisphere. At 90 hPa, differences-over-the-tropics—are—close-tozero-but-with-VRT tem-

peratures are typically lower than NCEPCFSR temperatures with the biggest differences

in the tropics (up to 2K) that also show a clear seasonal cycle. Thesedifferences-grow-to
1+-52K-over-highertatitudes—At 250 hPa the differences are generally also between zero

and 2K, but smallest in the tropics. The left-hand column of Fig. [4] shows the mean differ-
14
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ence for each latitude zone averaged over all months. A clear latitudinal bias can be seen
with %empefa%ufeﬂl#efeﬁee&fﬂereasfﬁgﬂﬁreﬁﬂhe most negatlve values at about 20° eutte

v with—and differences
becoming smaller towards the poles and the equator. There are some seasonal variations,
most striking over the troplcs iher&rsawdrsee%mﬂe%reﬁdrmheﬂ#eﬁ}eeﬂe{d%

The results from these three validations suggest that the use of the ESA/ESA-TPM data
together with the RO temperature data in the construction of the VRT data set results in
a temperature time series that, with sufficient extension, is likely to be suitable for analyses
of temperature trends in the upper troposphere and stratosphere.

5 Validation of merged MSU4 and AMSU9 data sets

One of the purposes of constructing the VRT data record was to assess the quality of the
merging of the MSU4 and AMSU9 temperature time series in the lower stratosphere (the
TLS product) by both the RSS and UAH group. Of particular interest is whether the transition
from the period of overlap between MSU4 and AMSU9 (from 1998 to 2006) to coverage by
AMSU9 only after 2006 introduces any discontinuity in the climate data record. A statistical
model is used that accounts for any systematic biases between the VRT time series and
the MSU4+AMSU9 data sets. The residuals are examined for any anomalies, in particular
a step function around the transition to the AMSU9 only measurements around 2006.

5.1 Merged MSU4 and AMSU9 temperature time series

Microwave sounders retrieve vertical temperature profiles by measuring the thermal emis-

sion from oxygen molecules at different frequencies. The MSUs operating on a number of

polar-orbiting NOAA satellites from 1978 to 2006 had four channels ranging from 50.3 to

57.95 GHz, measuring the atmospheric temperature in four thick layers from the surface
15
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through to the lower stratosphere. Reliable operation of the MSU ceased in 2005, but there
was already a significant number of missing data beginning in 2004 (Mears and Wentz,
2009a).

A series of follow-on instruments, the AMSUs, began operation in 1998 using a larger
number of channels that not only improved the vertical resolution, but also extended mea-
surements into the upper stratosphere not covered by MSU channels. By using the AMSU
channels most closely matching the channels of the MSU instruments, MSU-based temper-
ature series were extended to the present.

The temperature in the lower stratosphere (TLS) is measured by MSU channel 4 and is
closely matched by AMSU channel 9. The amalgamated TLS product of MSU4+AMSU9
by RSS version 3.2 is described in Mears and Wentz| (2009a). While the version 2.3 data
set uses data only from one AMSU instrument, NOAA-15, in our study the updated version
3.3 data set is used that includes data from AMSU instruments on Aqua, NOAA-18, and
METOP. Data from NOAA-16 are not used because of an unexplained drift during its lifetime.

Version 5.0 of the UAH data set contains AMSU data from both NOAA-15 and NOAA-16
(Christy et al., 2003). Subsequent versions improve the correction due to diurnal drift be-
tween the satellites (Mears and Wentz, 2005; |Christy and Spencer, 2005), convert AMSU
data to mimic MSU, and add additional AMSU measurements from AQUA, NOAA-18,
NOAA-19, and METOP. In our study, we use the UAH version 5.6.

5.2 Vertically weighted layer mean temperature series for comparison with
MSU4+AMSU9

As the nadir-looking microwave sounders measure the temperature in thick layers, our VRT
time series needs to be integrated across the 17 pressure levels to obtain a single zonal
mean monthly mean temperature series (iVRT) comparable to the MSU4+AMSU9 data
sets. Usually the averaging kernel of the temperature retrieval is used for this purpose
(Rodgers and Connor, [2003). In the case of the MSU and AMSU data products, however,
no profile retrieval involving any constrained generalized inversion is performed, but the
temperatures obtained from the microwave channels are directly assigned to the altitude
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range to which the particular channel is sensitive. Thus, the weighting function of the related
radiative transfer problem of this channel, which describes which fraction of the measured
signal originates from which altitude, can be used directly in place of the averaging kernel.

RSS provides text files of vertical weighting functions for the different MSU channels on
their ftp-server based on the US Standard Atmosphere (Remote Sensing Systems), 2014).
While the exact form of the weighting function depends on the temperature, humidity, and
liquid water content of the atmospheric column, the representative weighting function based
on the mean state of the atmosphere for MSU4+AMSU9 is given in the file.

As this weighting function w(p) is normalized to unity, the weighted means of our temper-
ature time series are given by

Tweighted = /W(ln(p))-T(ln(p))dln(p)- (7)

The uncertainty on the weighted mean is calculated as a weighted average of the measure-
ment uncertainties

wsignes = [ w(1n(p)) - (In(p)) dIn(y). ®

Vertically integrated values are considered to be valid only if data from all 17 pressure levels
are available.

Figure [9]illustrates the calculation of the vertically integrated temperature for the latitude
zone 35 to 40° N in May 2002 as an example.

5.3 Break-point analysis of the merged MSU4 and AMSU9 data

Vertically integrating our VRT data set creates a proxy for the merged MSU4+AMSU9 tem-

perature series. This proxy was then compared to the two MSU4+AMSU9 data sets avail-

able from the RSS and UAH groups in each 5° latitude zone (see Fig. [g| for an exam-

ple). Our primary interest is not the absolute difference between our iVRT data set and the

MSU4+AMSU9 data sets but rather whether there are any discontinuities in the differences
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that might be indicative of steps in the MSU4+AMSU9 data resulting from imperfect merging
of the source data. To this end a regression model consisting of an offset term and linear
trend term was fitted to the difference time series (panel b of Fig. [6). Both the offset and
linear trend fit coefficients were expanded in three Fourier terms to account for seasonality.
In this way the regression model accounts for any systematic biases between the vertically
integrated database and the merged MSU4+AMSU9 databases. Any steps in the residuals
from those regression model fits would be indicative of problems either with the merging of
the MSU4 and AMSU9 time series or with the construction of our iVRT data set.

Since it was not possible to determine definitively when the switch from using MSU to
using AMSU data in the combined databases happened, the Standard Normal Homogene-
ity Test (SNHT) (Alexandersson and Mobergl [1997) was used to statistically test for any
break-points in the residuals from the start of 2005 to the end of 2007 in all 36 latitude
zones. Two variants of the SNHT were applied. In the first variant, the standard deviation
(SD) of the time series is assumed to be the same before and after a potential break. Criti-
cal values from|Khalig and Ouarda|(2007) at a 95 % level of significance were used (linearly
interpolated to the exact number of data points). In the second variant, the SDs within the
two parts of the series, before and after a possible break, were allowed to differ from each
other. For this test, critical values were taken from the original Alexandersson and Moberg
(1997) publication.

Assuming a constant SD, the SNHT did not detect any break-points in either the RSS or
UAH data sets. However, when the SD is allowed to change after the break-point, the-three
latitude-zones-shown-in-Fig—22-five latitude zones exhibited a break-point in the residuals
for the UAH-data-set{RSS data set indicated by the vertical dashed lines }-in Fig. |7} and
seven for the UAH data set shown in Fig.

While there are no discernible steps in the residuals for any of the three-depicted zones,

the SDs change after the break-point. For the—zene-from-60-tc-65N,-the-SB-appears—to
deerease-after-RSS, the SDs appear to decrease in all of the zones after the break-points.

This i |s also the case for most of the bfeak-pmﬁ%m%ep%ember%%&ﬂirg—ﬂ%)%ewevw
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Fer-zones compared to UAH except for the zones close to the poles (Fig. 2?a-and-€);{8a
and g)where the SDs increase consrderablym~2995—Aethe~HumbeFef~measuremeﬂteetese

aneﬁemaywthﬂeemefgmgﬁreeees Unllke the UAH database the RSS merged data set

does not report any monthly mean temperatures for either polar zone.

Three of the break-points in comparison to RSS are also detected relative to UAH, namely
70-75°S (Figs. .[7a and . [8p), 30—35° S (Figs. .[7b and .[8d), and 70-75° N (Figs. .[7e and
.[8). Comparing the month at which the break-points occur for these three common zones
between RSS and UAH (Tables[T]and [2) reveals differences of up to three months. As the
SNHT only gives the most probable month at which a break-point occurs, those differences
can be considered to be within the sensitivity of the test.

While most of the break-points occur around the end of 2005 / beginning of 2006, break-
points occur throughout the whole two years search period (the earliest in January 2005
and the latest in November 2006). If break-points were due to a problem with the merging
of the MSU4 and AMSUS9 time series, all break-points would be expected to be around the
same time (when MSU4 is switched to AMSU9).

To establish whether the detected inerease-changes in variability of the residuals comes
from the UAH or iVRT data set, the break-point analysis was repeated, but the iVRT data
were averaged by month over all years (i.e. the same climatology was used for all years).
Compared to this repeated climatology, the—+residuals—ef-the-UAH-data—set-showed-no

mereaseﬂﬂwaﬁabmtyﬂrrthepetar—zeﬁeswheremost of the prevrously detected break pomts

c—drsappear wrth three exceptlons tor RSS a break point is strII detected in the 70 75° S
latitude zone, and for UAH in the 70-75° S and 85-90° S zones. All of these break-points
relative to the repeated climatology appear in November 2006. While this is consistent
within the SHNT’s sensitivity to the previously detected break-points in the 70-75° S zone,
the break-point in the 85-90° S relative to UAH was in December 2005 (see Table [2). How-
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ever, there is a secondary break-point in comparison to UAH in the 85—-90° S zone in the in
December 2006 with a test value of 30.5 which is almost as high as the test value of 30.78
reported in Table [2| This secondary break-point is within a month of the November 2006
break-point of the repeated climatology. This would indicate that there is some detectable
change in variability both in the RSS and UAH database around November 2006 in the
southern-most latitude zones. All other changes in variability of the residuals in Figs.[7]and
[8are likely caused by the iVRT data set.

As there are no steps found in the residuals we can conclude that the merged
MSU4+AMSU9 temperature series of both the RSS and UAH group are homogeneous
in time and provide climate data records devoid of discontinuities that are suitable for long-
term trend detection. The-Most of the changes in the SDs of the residuals inthepolarzones
for-the-JAH-databasefor the RSS and UAH databases are likely caused by an increase in
variability in the iVRT data set —-except for those in November 2006 in the 70-75° S and 85—
90° S zones that indicate some change in variability both in the RSS and UAH database

6 Discussion and conclusions

A new database of monthly mean zonal mean temperatures spanning the upper tropo-
sphere and stratosphere was created by merging monthly mean zonal mean temperature
measurements from the mid-infrared spectrometers ACE-FTS and MIPAS, the microwave
sounder SMR, and the RO experiments GRACE, CHAMP and TSX. The new temperature
data record is aggregated in 5° latitudinal zones and is vertically resolved on pressure levels
from 300 to 7 hPa.

Systematic biases between different instruments were corrected by statistically modelling
the differences allowing for an offset and drift as well as temporal periodic fluctuations. The
merging process was initiated with the CHAMP temperature time series as RO measure-
ments are known to provide an effective climate benchmark. As the merging algorithm
mainly removes systematic biases relative to the initial data set, it is crucial to choose this
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initial benchmark data set carefully. The sensitivity to the initial benchmark data set was
tested by using the same merging algorithm, but starting the process with MIPAS, GRACE
and TSX, respectively, rather than CHAMP. A comparison of these latter three tempera-
ture time series to that initiated with CHAMP shows all resultant merged data sets being
in very good agreement. The main differences between the different data sets is an off-
set of similar magnitude to the offset seen in the right hand column of Fig. |1} The merged
temperature set starting with CHAMP typically lies somewhere in the middle of the three
comparative data sets. However, for some latitude zones and pressure levels, especially in
the Southern Hemisphere, the other three temperature time series show a trend relative
to the one started with CHAMP. A trend in the differences is more problematic because
one intended use of our merged data set is to detect relatively small warming or cooling
trends in the atmosphere. This trend is relatively small for TSX, but bigger for MIPAS and
GRACE. Nevertheless, the comparison shows that CHAMP remains the best choice as an
initial benchmark data set in the merging process.

The merged VRT climate record was validated against three different databases. The first
validation was done against RATPAC-A which provides annual mean temperature anoma-
lies from radiosonde measurements aggregated over seven large geographical regions.
The inter-annual variability in temperatures is well represented by our VRT data set over
most of the upper troposphere and stratosphere at the +0.5K level, but can exceed 1K
at the 250 and 300 hPa levels. The comparison with the COSMIC RO database showed
more divergent results. Temperature differences were typically up to +1.5K at most pres-
sure levels (> 50 hPa), but could reach up to 45K at lower pressure levels. There were also
clear spatial differences between tropical and extra-tropical zones depending on altitude.
The temperatures from our VRT database were consistently lower in the tropics than in the
extra-tropics above 200 hPa, but this pattern reversed below 200 hPa. The third validation
was performed against NCEPCFSR reanalyses. Differences were typically less than 2K
over most pressure levels, but could reach 5K at the highest altitudes (< 10 hPa). Seasonal
variations, on the other hand, were more pronounced than in the other two validations.
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As a major application, the VRT temperature record was used to verify the quality of the
merging process of the MSU4 and AMSU9 channels of both the RSS and UAH groups.
After removing systematic biases, the residuals relative to our iVRT data set were exam-
ined for statistically significant break-points. No statistically significant steps were found in
the residuals around the switch from MSU4 to AMSU9, confirming that both groups made
appropriate adjustments in the merging process to assure a continuous temperature time
series that is not affected by calibration errors between the two types of instruments or

other systematic biases due to satellite drifts. Only-in-the-twopolar-Slatitudezonesdid-our
In various latitude zones, the residuals of the iVRT temperature record show-an-increase

invariability-in-2005-—relative-to-the- UAH-temperature-serieswith respect to both the RSS
and UAH temperature time series show a change in variability A break-point analysis with
repeated climatologies showed that these changes are mostly due to the iVRT data set, but
there is some evidence that changes in variability in November 2006 at latitudes South of
70° S, are present in both the RSS and UAH merged (A)MSU records.

The VRT climate record can also be seen as a contribution to establish long-term ver-
tically resolved temperature records to enable updated knowledge of long-term changes
in temperatures across different altitude ranges. To date, the microwave sounding mea-
surements have been a de-facto standard for temperature climate data records. With the
increased use of satellite infrared-sounders as well as highly accurate RO measurements,
more finely vertically-resolved data records are available. Our VRT record is, to the best of
our knowledge, the first that merged temperature measurements from selected ESA/ESA-
TPM missions with RO measurements. tt+has-been-shown-thatthe-As the number of in-
struments used in the merging increases, the uncertainty on the monthly mean zonal mean
temperatures decreaseswith-an-increased-number-of-instruments-used-in-the-merging. The
VRT climate record thus provides a useful data set for long-term temperature trend analy-
ses.
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Table 1. Break-points detected in UAH-residuals of iVRT relative to RSS database. The month
shown in the table is the last month before the break-point.

Zone Month T value Crit. value
85-9670-75°S  AprNov 2006 20.96 16.86
30-35°S Dec 2005 6+54-19.27 16.88
60—655-10°N  Sep-Jan 2005 25.02 16.86
10-15°N May 2005 24.67 16.86
70-75°N Jan 2006 1754-27.30 16.86
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Table 2. Break-points detected in residuals of iVRT relative to UAH database. The month shown in

the table is the last month before the break-point.

Zone Month T value Crit. value
85-90°S  Dec 2005 30.78 16.86
70-75°S  Oct 2006 29.98 16.86
60-65°S  Nov 2005 34.03 16.88
30-35°S  Feb 2006 17.97 16.88
70-75°N  Apr 2006 39.71 16.86
75-80°N  Apr 2005 18.43 16.86
85-90°N  Sep 2005 66-16-26.18 16-:8816.85
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Figure 1. An example of the generation of the VRT database, in this case showing the time series
at 100 hPa and between 50 and 55° N. The upper left panel shows the CHAMP monthly means and
their 10 uncertainties which form the initial benchmark data set for the merging. The second row
of panels show the uncorrected MIPAS monthly mean temperatures (green) in the leftmost panel
and their differences against the CHAMP data in the rightmost panel. The regression model fit to
these differences is shown as a black line in the rightmost panel together with the uncertainty on the
regression model fit (grey shaded area). The regression model fit is then used to correct the MIPAS
data which is then shown as the red line in the leftmost panel. The black line and grey shaded region
in the leftmost panel show what a merged CHAMP and (corrected) MIPAS data set would look like.
The remaining data sets are then successively folded in as described in the text. The final resultant
data set is displayed as a black line and grey shaded region in the bottom left panel.

oded uorssnosyq | Jodeg uorssnosiyq | J1edeq uwotssnosyq | Ioded UOISSNoSI(]



Residuals relative to RATPAC-A

50 4

I (a) 0%k 90°S " " (b) 0° to 90°N
100} 1L >

150} 1t 1

1.8

200} 1t

1.2
250} 41 1

300 L L I L TR L I

| (c) 30°S to 30°N | (d) 20°S to 20°N | 10.6

100} 41 1

1501 1F
200 - 4T
250+ 4+ 1

Pressure Level in hPa
Temperature in K

50F (e) toé* | ‘ - (f 30°NtdO0°N B
100} - { -1.2

200}

250} F g

1 L 1 1 1 L L
2004 2006 2008 2010 2004 2006 2008 2010
Year Year

Figure 2. Differences between VRT anomalies and those from the RATPAC-A database for (a) the
Southern Hemisphere, (b) the Northern Hemisphere, (c¢) the tropics from 30° S to 30° N, (d) the
tropics from 20° S to 20° N, (e) the extra-tropics in the Southern Hemisphere, and (f) the extra-
tropics in the Northern Hemisphere.
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Figure 3. Temperature differences between the COSMIC RO and the VRT data sets at 10, 100, 150

and 200 hPa.
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Figure 4. Differences between monthly mean zonal mean (5° zones) temperatures from the VRT
data set and from the NCEPCFSR data set. Results are shown for three different pressure levels
viz. 10 hPa (upper panel), 90 hPa (middle panel) and 250 hPa (lower panel). The left hand column
shows the mean differences for each latitude zone averaged over all months.
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Figure 5. Calculation of weighted temperature in latitude zone 35 to 40° N in May 2002. (a) Normal-
ized weighting function of MSU4+AMSU9. (b) Temperature profile. (¢) Weighted temperature profile
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Figure 6. An example of the comparison of the weighted iVRT data set and the two merged
MSU4+AMSU9 data sets. (a) The original raw monthly mean time series, (b) regression model
fits (lines) to the differences between the RSS and iVRT time series (cyan dots and blue line show-
ing the regression model fit) and between the UAH and iVRT time series (orange dots and red line
showing the regression model fit), (c) the residuals from the regression model fits shown in panel

(b).
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Figure 7. Latitudinal zones of the YUAH-RSS merged MSU4 and AMSU9 database with break-points
in the residuals relative to the iVRT data set. The residuals from the regression model for the zones
from (a) 85-70 to 9675° S, (b) 66-30 to 6535° S, (c) 5to 10°N, (d) 10 to 15° N, and {e) 85-(e) 70 to
9075° N are shown. The vertical dashed lines indicate where the SNHT detected break-points.
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Figure 8. Latitudinal zones of the UAH merged MSU4 and AMSUS9 database with break-points in
the residuals relative to the iVRT data set. The residuals from the regression model for the zones
from (a) 85 to 90° S, (b) 70 to 75°S, (c) 60 to 65°S, (d) 30 to 35°S, (e) 70 to 75°N, (f) 75 to
80° N, and (g) 85 to 90° N are shown. The vertical dashed lines indicate where the SNHT detected
break-points.
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