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Abstract

A new database of monthly mean zonal mean (5° zones) temperature time series
spanning 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
spectrometers (ACE-FTS and MIPAS), a microwave sounder (SMR), and from three
satellite-based radio occultation experiments (GRACE, CHAMP, and TSX). The pri-
mary 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) temperature 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 uncertainty 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 < 2 K 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 vertically 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 Sens-
ing Systems and one from the University of Alabama at Huntsville — were examined 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 mech-
anisms driving climate change (Thompson and Solomon, 2005; Karl et al., 2006; Ran-
del et al., 2009) which in turn are vital to improving climate model projections of fu-
ture climate. The National Oceanic and Atmospheric Administration (NOAA) operated
Microwave Sounding Units (MSUs) on polar-orbiting satellite platforms from 1978 to
2005 and Advanced Microwave Sounding Units (AMSUs) from 1998 onwards. These
nadir-looking instruments became the primary source of long-term temperature cli-
mate 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 ad-
justed 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 in-
dependent 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
occultation (RO) experiments, offer high vertical resolution making them prime candi-
dates to extend the MSU temperature record and improve the monitoring of upper-
air temperature changes. Temperature measurements from infrared sounders typically
have a measurement uncertainty of < 2K with good horizontal resolution. RO mea-
surements have moderate horizontal resolution (~ 300 km), but good vertical resolution
(~ 1 km) and are well suited for high quality climatologies because of their low system-
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atic errors (< 0.5K) and high stability (Borsche et al., 2007). Ladstadter et al. (2011)
found good agreement between RO and radiosonde temperature anomalies, but sta-
tistically 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 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 22 km and results from merging the MSU channel 4 (MSU4) and AMSU channel
9 (AMSU9) temperature time series.

Section 2 describes the data sets used to compile our new vertically resolved tem-
perature 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 At-
mospheric Temperature 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) reanalyses in Sect. 4. In Sect. 5, the new data set is ver-
tically integrated using an appropriate 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 Euro-
pean Space Agency (ESA) and Third Party Missions (TPMs), as well as RO data, were
created in collaboration with SPARC (Stratosphere—troposphere Processes And their
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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 tem-
perature 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
Environmental Satellite (Envisat). This study is based on temperature data processed
with the MIPAS research processor at the Institute for Meteorology and Climate Re-
search (IMK) at the Karlsruhe Institute of Technology (KIT) in cooperation with the
Institute de Astrofisica de Andalucia (IAA-CSIC). In particular, the high spectral reso-
lution data V3O_T_8 were used from June 2002 to March 2004 with an uncertainty of
0.4-0.8K at ~ 3km 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 vertical resolution of 2-3.5km (von
Clarmann et al., 2009b; Stiller et al., 2012). The horizontal resolution of MIPAS temper-
atures is about 300 km for the high resolution data pre 2004 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 us-
ing solar occultation mid-infrared spectra to retrieve vertical profiles of temperature. The
uncertainty 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 10-50 km (Sica et al., 2008). The
vertical resolution 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 res-

239

Jaded uoissnosiq

| J1adeq uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

AMTD
8, 235267, 2015

A new vertically
resolved temperature
record

A. A. Penckwitt et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

olutions 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 tem-
perature 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 in-
accurate results for all of the retrievals past this date (Boone et al., 2013). In addition,
quality flags were recently introduced 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
measurements 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.

2.2 RO temperature profiles

The GPS RO limb sounding technique has many advantages compared to infrared
sounding measurements from space. The measurements are self-calibrating and in-
dependent 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 res-
olution of about 1 km in the lower stratosphere. Measurements are minimally affected
by aerosols, clouds or precipitation, leading to very small systematic biases (equiva-
lent to < 1 K; average systematic bias is < 0.1 K) and small measurement uncertainties
(0.02—0.05K) (Anthes, 2011).
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The CHAMP (CHAllenging Minisatellite Payload) satellite was launched in 2000
(Wickert et al., 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 ~0.5K between 5-20 km (Borsche et al.,
2007).

The GRACE (Gravity Recovery and Climate Experiment) is a twin satellite config-
uration 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 instru-
ment 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 tropo-
sphere/lower stratosphere is about 500 m. The data set spans July 2008 to March 2012.

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

2.3 Monthly mean zonal mean temperature records

The individual temperature profiles used to calculate the monthly mean zonal mean
data sets were carefully screened according to recommendations given in relevant
quality control documents, in published literature, and/or according to best knowledge
of the instrument scientists. Linear interpolation in log pressure coordinates was used
to interpolate individual temperature profiles onto the pressure grid 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 zone. 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.
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Additionally, the RO data were screened such that temperatures below 150K were
omitted as were temperatures above 330K. The interpolated values were corrected
for their zonal mean and monthly mean representativeness using NCEPCFSR 6 hourly
temperature fields on pressure surfaces as

T 5°, P, month
Teorr = Tro(0, @, P, 1) x crsal )

TCFSR(el ¢’ P’ t)

where T, is the bias corrected temperature value, Trq is the RO temperature
measurement interpolated onto pressure P at latitude 8, longitude ¢ at time ft,

Tcesr(5°, P, month) is the NCEPCFSR 5° monthly mean zonal mean temperature at
pressure P, and Trgg is the NCEPCFSR temperature at the same time and location
as Tro- Applying Eq. (1) corrects the RO measurements for their sampling bias both in
terms of geographical coverage and temporal coverage within the month of interest.

It may be noted that this mean representative correction was only applied to the
RO measurements though it might also have been a useful correction for the other
three instruments, especially in the case of ACE-FTS with its low sampling rate. For
this reason, monthly mean temperatures that were obtained from only a small number
of measurements are excluded from the merging process as described in the next
section.

: (1)

3 Constructing a single merged temperature climate data record

The monthly mean zonal mean temperature data sets from the three ESA/ESA-TPM
instruments 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, hence-
forth referred 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 27 pressure levels
mentioned in Sect. 2.3, only the first 17 pressure levels were used. RO measurements
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have been shown to be an effective climate benchmark below ~ 25km altitude (Kuo
et al., 2004; Alexander et al., 2014). Comparisons of the annual mean zonal mean
temperatures calculated from the three RO data sets show agreement within 0.5K 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 consis-
tently 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 suitable 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 bench-
mark data set, the remaining data sets are successively merged. At each latitude zone
and pressure level, the data set with the biggest temporal overlap with CHAMP is cho-
sen as the first candidate to be merged with CHAMP. In the example of Fig. 1, MIPAS
is found to have the biggest overlap with CHAMP. Thus, differences are calculated be-
tween the CHAMP and MIPAS monthly mean temperatures and these are then mod-
elled statistically using a regression model that includes an offset and drift where the
offset fit coefficient is expanded in Fourier pairs to also account for seasonality in the
differences, i.e.:

f(t) = aq + ast + agsin(2mt) + a, cos(2mt) + ag sin(4mt) + agcos(4mnt). (2)

The uncertainty of the difference function f(f) takes into account possible correlations
between the coefficients

6 2 5 6
HOESY (@) ot 42D D or) or(t) cov(a;,ax) (3)

02 5l 04 04

i=1

The statistical model fit from Eq. (2) is then used to correct the MIPAS data

Twipas corr(t) = Tyipas(2) + F(2), (4)
243
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and the model’s uncertainty is used to recalculate the uncertainty estimate of the cor-
rected MIPAS data

Ouipns corr(t) = \/ TZypns 1) + G2 (1), (5)

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

Wenamp - TeHamP + Wipas corr * TMIPAS, corr
7-merged = W W ) (6)
cHAMP  WMIPAS,corr

where the weights are given by w, = 1/05. 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 = (7)
VWcHAMP + Wwipas 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. 1, after merging MIPAS with CHAMP, this is found to be GRACE. Differences be-
tween 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, consecutively 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 instru-
ment are excluded from this merging process if there are fewer than 4 measurements
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in a particular month or less than 5% of measurements of the month with the high-
est number of measurements 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.

4 Validation of the VRT climate record

The merged temperature database described above was validated against the follow-
ing 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. A NCEPCFSR (Saha et al., 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 aggre-
gated 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 cal-
culated for those seven geographical regions from our VRT database for comparison.
Because RATPAC-A data are only provided as anomalies, and because the period
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over which the anomalies are calculated 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 subtracted 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 250 hPa and at
300 hPa differences in inter-annual variability can exceed 1 K while at lower pressures,
differences are generally less than +0.5K.

Differences in the inter-annual variability are smaller on all pressure levels in the
tropics (Fig. 2c and d). In extra-tropical regions (Fig. 2e and f), the anomalies are in
general also small at all pressure levels, but can be as large as £1.5K at low pressure
levels of 30 to 5 hPa in 2004/05 as well as at 300 hPa in 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.

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. 2.3. 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 be-
tween 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
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benchmark. At 10 hPa the VRT values tend to be up to 3K lower than the COSMIC tem-
peratures south of ~ 20° S and up to 3K higher than the COSMIC temperatures north
of ~ 20° S. At 100 hPa the differences are smaller, typically within 1 K, with merged tem-
peratures being lower than COSMIC temperatures at higher latitudes and higher than
COSMIC temperatures at lower latitudes.

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 COS-
MIC and lower in the tropics (see Fig. 3c and d).

The temperature differences relative to the COSMIC data set are typically of the or-
der of 1 K at lower altitudes up to a pressure level of 50 hPa, but can become relatively
large, reaching about 4 K at lower pressure levels of 7 hPa. There is also a distinct dif-
ference 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 opposite in sign at higher altitudes (< 200 hPa).

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 data set can be up to 5K warmer than NCEPCFSR at 10hPa
with a larger bias in the Northern Hemisphere than in the Southern Hemisphere. At
90 hPa, differences over the tropics are close to zero but with a clear seasonal cycle.
These differences grow to 1.5-2K over higher latitudes. At 250 hPa the differences
are generally between zero and 2K. The left-hand column of Fig. 4 shows the mean
difference for each latitude zone averaged over all months. A clear latitudinal bias can
be seen with temperature differences increasing from about 20° out to the poles, and
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also larger temperature differences over the equator with some seasonal variations
over the tropics. There is no discernible trend in the difference fields.

As opposed to other months in the year, VRT temperatures in December seem to be
consistently lower than NCEPCFSR temperatures as indicated by the vertical stripes
in the right hand column of Fig. 4b and c.

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
emission from oxygen molecules at different frequencies. The MSUs operating on
a number of polar-orbiting NOAA satellites from 1978 to 2006 had four channels rang-
ing from 50.3 to 57.95 GHz, measuring the atmospheric temperature in four thick lay-
ers from the surface through to the lower stratosphere. Reliable operation of the MSU
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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 AMSUSs, began operation in 1998 using a larger
number of channels that not only improved the vertical resolution, but also extended
measurements 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 temperature 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 instru-
ments 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 between the satellites (Mears and Wentz, 2005; Christy and Spencer, 2005), con-
vert AMSU data to mimic MSU, and add additional AMSU measurements from AQUA,
NOAA-18, NOAA-19, and METORP. 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 ob-
tain 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 in-
version is performed, but the temperatures obtained from the microwave channels are
249
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directly assigned to the altitude 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, hu-
midity, 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 @(p) is normalized to unity, the weighted means of our
temperature time series are given by

memd=/@UMPDJUMP»dMW) (8)

The uncertainty on the weighted mean is calculated as a weighted average of the
measurement uncertainties

GW@Md=/@UMP»%ﬂmw»dMW) (9)

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

Figure 5 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

temperature series. This proxy was then compared to the two MSU4+AMSU9 data

sets available from the RSS and UAH groups in each 5° latitude zone (see Fig. 6 for an
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example). 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 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 Ho-
mogeneity Test (SNHT) (Alexandersson and Moberg, 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 af-
ter a potential break. Critical values from Khaliq 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. 7 exhibited a break-point in the residuals for the
UAH data set (indicated by the vertical dashed lines).

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 zone from 60 to 65° N, the SD
appears to decrease after the break-point in September 2006 (Fig. 7b). However, the
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critical value of 16.88 is only barely exceeded by the test value of 17.54 at a 5 % level of
significance (Table 1). In the absence of break-points across a number of neighbouring
latitude zones, this break-point can be considered a statistical artefact.

For the zones close to the poles (Fig. 7a and c), the SDs increase considerably in
2005. As the number of measurements close to the poles is generally small, an in-
crease in the variability does not necessarily indicate an anomaly with the merging
process. Unlike the UAH database, the RSS merged data set does not report any
monthly mean temperatures for either polar zone. To establish whether the detected
increase 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 clima-
tology, the residuals of the UAH data set showed no increase in variability in the polar
zones where break-points were detected previously indicating that the change in the
SDs observed in Fig. 7a and c are 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 changes in the SDs of the residuals in the polar zones
for the UAH database are likely caused by an increase in variability in the iVRT data
set.

6 Discussion and conclusions

A new database of monthly mean zonal mean temperatures spanning the upper tro-
posphere and stratosphere was created by merging monthly mean zonal mean tem-
perature 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.
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Systematic biases between different instruments were corrected by statistically mod-
elling the differences allowing for an offset and drift as well as temporal periodic fluc-
tuations. The merging process was initiated with the CHAMP temperature time series
as RO measurements 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 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 compari-
son of these latter three temperature 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 offset 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 at-
mosphere. 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
anomalies 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 K at most pressure levels (> 50 hPa), but could reach up to 4 K at lower pressure lev-
els. There were also clear spatial differences between tropical and extra-tropical zones
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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 2 K 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.

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 examined 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 contin-
uous 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 two
polar 5° latitude zones did our iVRT temperature record show an increase in variability
in 2005 relative to the UAH temperature series.

The VRT climate record can also be seen as a contribution to establish long-term
vertically resolved temperature records to enable updated knowledge of long-term
changes in temperatures across different altitude ranges. To date, the microwave
sounding measurements have been a de-facto standard for temperature climate data
records. With the increased use of satellite infrared-sounders as well as highly accu-
rate 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 mea-
surements from selected ESA/ESA-TPM missions with RO measurements. It has been
shown that the uncertainty on the monthly mean zonal mean temperatures decreases
with an increased number of instruments used in the merging. The VRT climate record
thus provides a useful data set for long-term temperature trend analyses.
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Table 1. Break-points detected in UAH database. The month shown in the table is the last
month before the break-point.
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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 1o 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.

261

Jaded uoissnosiq

| J1adeq uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

AMTD
8, 235267, 2015

A new vertically
resolved temperature
record

A. A. Penckwitt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

Residuals relative to RATPAC-A

50+
1001

(a) 0°;0 90°S

150

3UD|;JA_ L

1] (p)0° to 90°N

: :-‘!*“..L*L*“‘L*-J

| (c) 30°S to 30°N
100}

> 1501
© 200+
250

11 (d) 20°S to 20°N

% 300 : .

100+
150
2001
2501
300

507 (e) 305 to 90°5 1

| (f) 30°N to 90°N

Temperature in K

2004 2006

Year

2008 2010 2004 2006

2008

Year

2010

18

1.2

0.6

0.0

-0.6

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.

262

Jaded uoissnasiqg

| Jaded uoissnosiq

Jadedq uoissnosiq | Jaded uoissnosiq

AMTD
8, 235267, 2015

A new vertically
resolved temperature
record

A. A. Penckwitt et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/235/2015/amtd-8-235-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

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 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
showing the regression model fit) and between the UAH and iVRT time series (orange dots
and red line showing the regression model fit), (¢) the residuals from the regression model fits

shown in panel (b).
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Figure 7. Latitudinal zones of the UAH 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 to 90° S, (b) 60 to 65° N, and (c) 85 to 90° N are shown. The vertical dashed
lines indicate where the SNHT detected break-points. @
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