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Abstract. This study provides a new look at the observed and slightly cooling trends +0.124 0.06°C decade’

and calculated long-term temperature changes from thdor RICH) are found in the lower troposphere. The sec-
lower troposphere to the lower stratosphere since 195&nd period from 1980 to the end of the records shows
over the Northern Hemisphere. The data sets include theignificant warming (0.2% 0.05°C decade! for both
NCEP/NCAR reanalysis, the Free University of Berlin NCEP and RICH). Above the tropopause a significant
(FU-Berlin) and the RICH radiosonde data sets as well ascooling trend is clearly seen in the lower stratosphere
historical simulations with the CESM1-WACCM global both in the pre-1980 period—0.58+0.17°C decade?!
model participating in CMIP5. The analysis is mainly for NCEP, —0.30+0.16°Cdecade! for RICH and
based on monthly layer mean temperatures derived from-0.48+0.20°C decade! for FU-Berlin) and the
geopotential height thicknesses in order to take advantagpost-1980 period 40.79+0.18°Cdecade!  for

of the use of the independent FU-Berlin stratospheric dataNCEP, —0.66+0.16°Cdecade! for RICH and

set of geopotential height data since 1957. This approach-0.82-+0.19°C decade® for FU-Berlin). The cooling
was followed to extend the records for the investigationin the lower stratosphere persists throughout the year
of the stratospheric temperature trends to the earliesfrom the tropics up to 60N. At polar latitudes competing
possible time. After removing the natural variability with dynamical and radiative processes reduce the statistical
an autoregressive multiple regression model our analysisignificance of these trends. Model results are in line with
shows that the period 1958-2011 can be divided into tworeanalysis and the observations, indicating a persistent
distinct sub-periods of long-term temperature variability cooling (~0.33°Cdecade?) in the lower stratosphere
and trends: before and after 1980. By calculating trendsduring summer before and after 1980; a feature that is also
for the summer time to reduce interannual variability, seen throughout the year. However, the lower stratosphere
the two periods are as follows. From 1958 until 1979, a CESM1-WACCM modelled trends are generally lower than
non-significant trend (0.06 0.06°C decade! for NCEP) reanalysis and the observations. The contrasting effects of
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ozone depletion at polar latitudes in winter/spring and theter the volcanic eruptions of ElI Chich6n and Mt Pinatubo
anticipated strengthening of the Brewer—Dobson circulation(Thompson and Solomon, 2009; Free and Lanzante, 2009). It
from man-made global warming at polar latitudes are should be also noted that the global mean lower stratospheric
discussed. Our results provide additional evidence for artemperatures during the period following 1995 are signifi-
early greenhouse cooling signal in the lower stratosphereantly lower than they were during the decades prior to 1980,
before 1980, which appears well in advance relative to thebut have not dropped further since 1995 (WMO, 2011). Re-
tropospheric greenhouse warming signal. The suitabilitycently, Thompson et al. (2012) reported that the Stratospheric
of early warning signals in the stratosphere relative to theSounding Unit (SSU) data reprocessed by NOAA indicate
troposphere is supported by the fact that the stratosphere stronger cooling trends in the middle and higher stratosphere
less sensitive to changes due to cloudiness, humidity anthan previously estimated, which cannot be captured by the
man-made aerosols. Our analysis also indicates that thavailable simulations with coupled chemistry—climate mod-
relative contribution of the lower stratosphere versus theels (CCMs) and coupled atmosphere—ocean global climate
upper troposphere low-frequency variability is important for models (AOGCMs). This global lower stratosphere cooling
understanding the added value of the long-term tropopaussince 1980 is also evident in the pre-satellite era with a cool-
variability related to human-induced global warming. ing rate of ~0.35°C decade! since 1958 (WMO, 2011).
Randel et al. (2009) questioned the validity of the trends
for the period 1958-1978 because of the sparse observa-
) tional database and the known instrumental uncertainties for
1 Introduction this period, together with the large trend uncertainties im-

. he di ¢ sianif i dsinthe | plied by the spread of results. Furthermore, in other stud-
Since the discovery of significant cooling trends in the lowerog i \yag pointed out that the radiosonde data sets are not

stratosphere in the late 1970s, 1980s and 1990s (Zerefos a']'glly independent and that there are systematic biases in a

Mantis, 1977; Angell and Korshover, 1983; Miller et al., , \mper of stations relative to the satellites (Randel and Wu,
1992), a number of scientific articles have focused on the2006; Free and Seidel, 2007). These systematic biases are

statistical space and time continuity of stratospheric te_mper-not well understood. Nevertheless, the different statistical ap-
ature observations both from ground and from satellite re-

. L .2 proaches applied for homogenization are useful for assessing
trievals. Thqse pubhcatm_ms indicate that the lower strato-ye gyerq)) uncertainty of the long-term stratospheric temper-
sphere cooling has continued to the present (Santer et alature trend estimates since the late 1950s (WMO, 2011).
1999, 2013; Randel et ?I" 2009; WMO, 2011,)' The primary radiative forcing mechanisms responsible for

Common featqres In 'Iower-strfa\tosphenc tempgrature lobal temperature changes in the stratosphere since 1979
change are found in all available radiosonde and satellite datg .. o peen increases in well-mixed greenhouse gas (GHG)

lseté. One comhmon ;mdmg IIS éhgt mbthe gl(?b%l me(;anl, the ¢oncentrations, increases in stratospheric water vapour, the
ower stratosphere has cooled by abet.5°C decade decrease in stratospheric ozone primarily related to chlo-

sin;:e 1980.|_Ra_nde| eLaI. (200?) reported ;h"’:} Ewelr itra;to'rine and bromine from various halocarbons, the effects of
sphere cooling is a robust result over much of the globe for, o415 from explosive volcanic eruptions, and the effects of

the period _1979_2007’ being r_learly u_niform over all lati- solar activity changes (e.g. Shine et al., 2003; Ramaswamy
tudes outside of the polar regions, with some dn"ferenceset al., 2006; WMO, 2007; IPCC, 2007, 2013). The ef-

among various radiosonde and satellite data sets. Substags.is of yolcanic eruptions, variations in solar radiation, and
tially larger cooling trends are observed in the Antarctic yiqr 5o\ rces of natural variability, including the wave-driven
lower stratosphere during spring and summer, in assoc'at'o'auasi-biennial oscillation (QBO) in 0zone, can be accounted
with the development of the Antarctic ozone hole (Randel eteoy through the use of indices in time series trend analy-
al.,, 2009; Santer et al., 2013). In the tropical lower strato-ge.q (Tiao et al., 1990; Staehelin et al., 2001; Reinsel et al.,
sphere the observations show significant long-term cooling,qg5. Figletov, 2009). However, the attribution of past lower
(70-30hPa) for 1979-2007, while less overall cooling IS 5 atosphere temperature trends is complicated by the effects
seen at 100 hPa (Randel et al., 2009). The global-mean low f the increases and levelling off of ozone-depleting sub-

stratospheric cooling has n.ot occurred linearly, but S'“,ams‘stances; (ODSs) and the inter-annual to decadal variability of

from two downward steps in temperature, both of which the Brewer—Dobson (BD) circulation

are coincident with the cessation of transient warming af- The expectation of an accelerated and stronger BD circula-
1 ; . . tion in a warmer climate is consistent with results from trans-
Today, there are six available global lower-stratospheric tem-

perature data sets based on radiosonde data since the late 19569rt Chehmlstry climate model s:jmulatlons, vlvf:cerelr? the Iower.
_ RATPAC (Free et al., 2005); HadAT (Thorne et al., 2005); stratospheric temperature trends may result from increases in

RATPAC-lite (Randel and Wu, 2006); RAOBCORE (Haimberger, upyvelling over the_ tropi(_:al Iower stratosphere and strength-
2007); RICH (Haimberger et al., 2008); and IUK (Sherwood et al., €ning of the BD circulation (Rind et al., 2001; Cordero and
2008) — and three satellite data sets: UAH (Christy et al., 2003);Forster, 2006; Butchart et al., 2006, 2010; Austin and Li,

RSS (Mears and Wentz, 2009); and STAR (Zou et al., 2009). 2006; Rosenlof and Reid, 2008; Garcia and Randel, 2008;
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Lamarque and Solomon, 2010). Unfortunately, the detectiorterm tropopause trend is almost equally affected by both the
of trends in the BD circulation in observations is compli- trend in the lower stratosphere and the warming in the upper
cated because trends in BD circulation are small from 198Qroposphere (Son et al., 2009).
through 2010 but are expected to become larger in the next A major open question that still remains to be answered is
few decades (Butchart, 2014). In addition, the BD circu- whether the stratosphere can be considered as a more suitable
lation is not a directly observed physical quantity (WMO, region than the troposphere to detect anthropogenic climate
2011). Yet, observational evidence of an accelerated BD hashange signals and what can be learned from the long-term
been shown in a number of studies over both the tropicsstratospheric temperature trends. Indeed, the signal-to-noise
(e.g. Thompson and Solomon; 2005, Rosenlof and Reidratio in the stratosphere is, radiatively speaking, more sen-
2008) and the high latitudes (Johanson and Fu, 2007; Huwitive to anthropogenic GHG forcing and less disturbed by
and Fu, 2009; Lin et al., 2009; Fu et al., 2010). Thompsonthe natural variability of water vapour and clouds when com-
and Solomon (2009) have shown that the contrasting latitudipared to the troposphere. This is because (a) the dependence
nal structures of recent stratospheric temperature and ozonaf the equilibrium temperature of the stratosphere on GO
trends are consistent with the assumption of increases in thirger than that on tropospheric temperature, (b) the equi-
stratospheric overturning BD circulation. Also Free (2011) librium temperature of the stratosphere depends less upon
pointed out that trends in the tropical stratosphere show an intropospheric water vapour variability and (c) the influence
verse relationship with those over the Arctic for 1979-2009,0f cloudiness upon equilibrium temperature is more pro-
which might be related to changes in stratospheric circula-nounced in the troposphere than in the stratosphere where
tion. In contrast, other studies using balloon-borne measurethe influence decreases with height (Manabe and Weather-
ments of stratospheric trace gases over the past 30 years #id, 1967). Furthermore, anthropogenic aerosols are mainly
derive the mean age of air from sulfur hexafluoride {iSF spread within the lower troposphere (He et al., 2008), and
and CQ mixing ratios, found no indication of an increas- presumably have little effect on stratospheric temperatures.
ing meridional circulation (Engel et al., 2009). Furthermore, Another open question is whether the lower stratosphere
Iwasaki et al. (2009) pointed out that the yearly trends in BD has been cooling in the time since a reasonable global net-
strength, diagnosed from all re-analyses products over thavork became available, i.e. after the International Geophys-
common period 1979-2001, are not reliably observed duecal Year (IGY) of 1957-1958. Such a long-lasting cool-
to large diversity among the reanalyses. According to Ran4ing from the 1960s until today would need to be explained.
del and Thompson (2011), since there are no direct measuréo what extent are the cooling trends in the lower strato-
ments of upwelling near the tropical tropopause, and theresphere related to human-induced climate change? Has the
are large uncertainties in indirect measurements or assimieooling been accelerating, for instance at high latitudes in
lated data products (lwasaki et al., 2009), temperature anavinter/spring due to ozone depletion? Has it been interrupted
ozone observations at the tropics can provide a sensitive medsy major volcanic eruptions and El Nifio events (Zerefos et
sure of upwelling changes in the real atmosphere. In a recerdl., 1992) or large climatological anomalies?
article, Kawatani and Hamilton (2013) reported that a weak- This study addresses those questions and presents a new
ening trend in the lower stratosphere QBO amplitude pro-look at observed temperature trends over the Northern Hemi-
vides strong support for the existence of a long-term trend ofsphere from the troposphere up to the lower stratosphere in a
enhanced upwelling near the tropical tropopause. search for an early warning signal of global warming, i.e. a
The tropospheric warming and stratospheric cooling asso€ooling in the lower stratosphere relative to the warming in
ciated also with human forcing factors are expected to influ-the lower atmosphere.
ence their interface, i.e. the tropopause region (Santer et al.,
20034, b; Seidel and Randel 2006; Son et al., 2009). Seidel
and Randel (2006) examined global tropopause variability orp  Data and analysis of the statistical methods
synoptic, monthly, seasonal and longer-term timescales using
1980-2004 radiosonde data and reported upward tropopausel Data
height trends at almost all of the (predominantly extratropi-
cal) stations analysed, yielding an estimated global trend offropospheric and stratospheric temperature, pressure and
644 21 mdecadel. They reported that on the multidecadal geopotential height data used in this study are based on the
scale the change of the tropopause height is more sensitiviellowing sources: (a) the NCEP/NCAR reanalysis | product
to stratospheric temperature changes than to changes in t{flCEP) data from 1958 to 2011 (Kalnay et al., 1996; Kistler
troposphere over both the tropics and the extratropics. Furet al., 2001), (b) the Free University of Berlin (FU-Berlin)
thermore, Son et al. (2009) analysed a set of long-term infrom 1958 to 2001, (c) the Radiosonde Innovation Compos-
tegrations with stratosphere-resolving CCMs, and reportedte Homogenization (RICH) data (Haimberger, 2007, 2008)
that at northern mid-latitudes, long-term tropopause increas&om 1958 to 2006 and (d) historical simulations with the
is dominated by the upper troposphere warming. Over theNCAR Community Earth System Model (CESM) coupled
tropics and the Southern Hemisphere extratropics, the longto the “high-top” Whole Atmosphere Community Climate
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Model (WACCM) CESM1-WACCM (Marsh et al.,, 2013) should be considered with caution (WMO, 2011). Aware of
from 1958 to 2005. Our analysis is focused on the North-these problems, we opted here not to use the NCEP prod-
ern Hemisphere, as the data coverage in the pre-satellite ex&ct of stratospheric temperature derived at specific atmo-
has been denser there than in the Southern Hemisphere. spheric pressure levels, but rather the layer-mean temper-
The FU-Berlin is an independent stratospheric analysisature derived from the thickness of stratospheric and tro-
data set which is based on earlier subjective analyses gbospheric layers (based on the geopotential height differ-
temperature and geopotential height fields at 50, 30 anances between specific atmospheric pressure levels) for com-
10 hPa for the Northern Hemisphere, using the 00:00 UT rajparison purposes with the respective quantities of the FU-
diosonde reports from the observational network by a team oBerlin data set. Differences of monthly mean geopotential
experienced meteorologistst{p://www.geo.fu-berlin.de/en/ heights were used at standard atmospheric levels to derive
met/ag/strat/produkte/fubdata/index.htmHydrostatic and the layer thickness and subsequently the layer mean tem-
geostrophic balances were assumed, and observed wingerature. For the NCEP data set we have used the layers
were used to guide the height and temperature analyses. THE®00-925 hPa (planetary boundary layer), 925-500 hPa (free
imposition of these balance conditions ensures a consisterttoposphere), 500—-300 hPa (upper troposphere), 100-50 hPa
data set. In addition, temporal continuity is assured by me-and 50-30 hPa (lower stratosphere). The layer mean tem-
teorological control. Note that these balance conditions carperatures were then used to calculate the averaged layer
result in layer temperatures that deviate from the local ra-mean temperature over the latitude belts: northern polar (90—
diosonde reports, which include mesoscale structures as wei0® N), northern mid-latitudes (60-3®) and the northern
as any random or systematic observational errors (Labitzkdéropics (30-8 N). Furthermore, we also used in our analy-
et al., 2002; Manney et al., 2004). Earlier studies using thesis the tropopause pressure from NCEP to study the inter-
FU-Berlin data set suggest that the approximate geostrophiannual correlation of tropopause pressure with tropospheric
balance of the upper winds ensures that a contour analysiand stratospheric temperatures.
will be more representative than a temperature analysis based In our analysis we have used simulations with CESM1-
on scattered radiosonde locations (Zerefos and Mantis, 197 MVACCM, a state-of-the-art “high top” CCM coupled to the
Mantis and Zerefos, 1979). The FU-Berlin analyses thus repEarth system model CESM that extends from the surface
resent the synoptic-scale structure of the lower and middléo 5.1x 10-%hPa (approximately 140km). It has 66 ver-
stratosphere and the layer mean temperature derived from thiecal levels and horizontal resolution of 1.9atitude by
thickness is well suited for an investigation of large-scale cli-2.5° longitude. The historical simulations with CESM1-
matic fluctuations of temperature. The analyses are provide®VACCM were carried out as part of phase 5 of the Coupled
as gridded data sets with a horizontal resolution 6fx2Q(° Model Intercomparison Project (CMIP5). CESM1-WACCM
before 1973, and*x 5° thereafter. FU-Berlin geopotential has active ocean and sea ice components as described by
height data are available from July 1957 until DecemberHolland et al. (2012). As shown in Marsh et al. (2013)
2001 at 100, 50, and 30 hPa (Labitzke et al., 2002). Hencefor CESM1-WACCM, an updated parameterization of non-
from the FU-Berlin data set we calculated layer mean tem-orographic gravity waves led to an improvement in the fre-
peratures for the two lower stratospheric layers, 100-50 hPguency of Northern Hemisphere (NH) sudden stratospheric
and 50-30 hPa. It should be noted that the FU-Berlin data setvarmings (SSWs). Furthermore, the model also includes
has provided geopotential height data since 1957, but tema representation of the QBO leading to a significant im-
perature at the same levels since 1964. Hence, aiming in thiprovement in the representation of ozone variability in the
study at presenting the stratospheric temperature trends frormopical stratosphere compared to observations. The model’'s
the earliest possible time, we have used the independent Flthemistry module is based on version 3 of the Model
Berlin stratospheric data set with layer mean temperature defor OZone And Related chemical Tracers (Kinnison et al.,
rived from geopotential heights thus extending the record2007). Volcanic aerosol surface area density in WACCM
into the past. The variability and trends derived using thisis prescribed from a monthly zonal mean time series de-
data set have been compared to stratospheric data from othdaved from observations including the following major vol-
sources, both observations and reanalysis. The overall coneanic eruptions in historical simulations: Krakatau (1883),
parison is good, with differences in the variability (in the Santa Maria (1902), Agung (1963), EI Chichon (1982), and
earlier period before 1980) that can be attributed mainly toPinatubo (1991). WACCM explicitly represents the radia-
the close match between the FU-Berlin analysis and the rative transfer of the greenhouse gases;CCH,, NoO, HO,
diosonde observations (e.g. Randel et al., 2009; Labitzke an@FC-12 and CFC-11 (which includes also additional halo-
Kunze, 2005; Manney et al., 2005; Randel et al, 2004; alsayen species). WACCM simulation used here was performed
in Labitzke et al., 2002 and references therein). with all observed forcing from 1955 to 2005. The observed
According to WMO (2011), large differences and continu- forcing included changes in surface concentrations of radia-
ity problems are evident in the middle and upper stratospherdively active species, daily solar spectral irradiance, volcanic
within the reanalysis data sets, implying that trend analy-sulfate heating and the QBO. A more detailed description of
sis of stratospheric temperatures for the whole time period
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the CESM1-WACCM historical simulations can be found in where e¢(r) is an independent random variable with zero
Marsh et al. (2013). mean, commonly known as the white noise residual. This
As each source of analysis/reanalysis data spans a diffelAR(1) model allows for the noise to be (auto)correlated
ent period, the time series were deseasonalized for the pericmong successive measurements and is typically positive for
of 1961-1990, common to all data sets. The same proceduréata which show smoothly varying changes (naturally occur-
was followed for the tropopause pressure. The RICH data seting) in N (¢) over time (Reinsel, 2002).
was used at the standard atmospheric levels. The tempera- The temperature trends and the role played by the various
ture anomalies from the RICH data set available at standardlimatic and dynamic factors described above are examined
pressure levels were adjusted accordingly. Finally, it shouldn detail. The focus is on the detection of trends before and
be noted that the selection of various time periods is relatedfter the beginning of the satellite era (i.e. 1979), a period
to the different time periods of the data sets used, aiming at @hat is also the benchmark for ozone depletion.
more representative comparison among them.

2.2 Analysis of methods 3 Results

A multiple linear regression time series analysis with an au->-1 Summer and year-round trends

.toregr.esswe ;tat|st|cal model is applied on the deseasona|—n the summer, the stratosphere is less disturbed because it is
ized time series of zonally averaged layer mean tempera-

- L : ; characterized by lower vertically propagating wave activity
ture similarly to the statistical approach applied by Reinsel . .
et al. (2005). The regression model is of the form from the troposphere, it has smaller natural variability than

winter (Webb, 1966; Berger and Lubken, 2011; Gettelman
et al., 2011) and it is also not influenced by chemical ozone
depletion due to ODSs at high latitudes. Hence the less
i i “noisy” summer records offer the opportunity to investigate
whereM (1) is .the mqnthly deseasongllzed zonal mean Mor better estimates of the lower stratospheric temperature
perature and is the time in months with =0 correspond-  yangs Figure 1 presents the time series of the layer mean
ing to the initial month and = T corresponding to the last temperatures in summer (June-July—August) for the North-
month. , _ ern Hemisphere at tropical, mid and higher latitudinal zones
The termao is an overall level term whiler, accounts 4, the |ower troposphere up to the stratosphere, calculated
for a linear trend. The termg; Z; in the statistical model ¢, NCEP reanalysis, FU-Berlin and RICH data sets. The
ref_lgct the temperature variability related_ to the natural Vari'thick black lines represent the linear trends before and after
ability, wherez; represent a number of climatic and dynam- 1954 5 year that marks the beginning of the availability of
ical indices and; are the respective regression CoeffiCients. goqjite ‘data whose inclusion resulted in increased global

coverage. Figure 1 shows a consistent cooling of the lower

M) =ao+o1t+2g Zi +N@);0<t <T, 1)

Specifically, the climatic and dynamical indices used here in-

clude the 11-year solar cycle (using the solar F10.7 radio ﬂuxstratosphere in NCEP, FU-Berlin and RICH data sets that
as a proxy), plus two orthogonal time series to model QBO,

) X g{L)Oersists in both pre- and post-1980 periods. Specifically,
namely the standardized zonal wind at 30 and 50 hPa (e. f the period 1958-1979, there is a cooling trend for the

Croqks and Gray, 2005;.Au_s.tin etal, 2,009)' , whole Northern Hemisphere 0£0.58+ 0.17°C decade?!
Itis well known that significant transient warming events ;. NCEP  —0.30+0.16°C decade® in  RICH and

occurred in the stratosphere following the volcanic eruptions_0_48i 0.20°Cdecade! in FU-Berlin. For the

of Agung (March 1963), El Chichén (April 1982) and Mount .. 0 post-1980 period (1980-2001), the re-
Pinatubo (June 1991), and these can substantially inﬂuencgpective trends are —0.79+0.18°C decade! in
temperature trend estimates (especially if the volcanic event CEP, —0.66+0.16°Cdecade! for RICH and
occur near either end of the time series in question). The_0_82:|: 0.19°C decade! in FU-Berlin. The CESM1-

common approach in order to avoid a significant influence ONAACCM model results agree with reanalysis and the
trend results is to omit data for 2 years following each €rup-gpservations, indicating a persistent cooling of the lower

tion in the regression analysis. In order to investigate the rOIG‘stratosphere during summer for the whole Northern Hemi-
played by stratospheric aerosols, we include terms to accourgphere by—0.33+0.17°C decade® for 1958-1979 and
for the influence of stratospheric aerosol variability, using theby —0.35+ 0.20°C decade! for 1980-2001. However, the
Stratospheric Aerosol Optical Depth (Sato etal., 1993) as @Modelled trends are generally lower than reanalysis and

indgxinthe reg.ression model: . ... Observations. We should point out that our analysis was

Finally, N(7) is the unexplained noise term. The statisti- 555 performed for the ERA-40 data set (not shown here)
cal model is first-order autoregressive (AR(1)), and the term i, the trend results for the two periods (1958-1979 and
N(r) satisfies 1980-2001) being similar to NCEP trend results.

N(@)=¢N(1—1) +e), )
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or slight cooling trends prevail in the period 1958-
1979 (0.06+ 0.06 for NCEP and-0.124- 0.06°C decadg*

, for RICH) followed by significant warming trends over
:;?"’“‘”‘*‘\E the period 1980-2005 (O.Zl!SO.OS"Cdecade1 for both

2

M NCEP and RICH). CESM1-WACCM shows a persis-

50-30 hPa

2 tent warming of the lower troposphere during sum-
m"’“ﬂ_“"\"‘“‘g mer by 0.210.17°Cdecade! in the pre-1980 pe-
OATTIIW Ao WA riod and 0.2t 0.14°C decade?® in the post-1980 period.

However, when excluding the polar latitudes, CESM1-

e A ——a e

1
ﬂ %
1

son-antnpe . ' so0300nPa : WACCM shows a non-statistically significant (at 95 %)

B EZ “‘*“***ME trend in the period 1958-1979 (0.840.12°C decade?)

::::: e AT :::::"Pa followed by a warming trend over the period 1980-2005

1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 (022:|: OllOCdeCadel) In agreement Wlth NCEP and
RICH.

The NCEP tropopause pressure follows closely (but in
reverse) the tropospheric temperature long-term change
N with tropopause pressure increasing in the pre-1980 period
TDVW‘V*WV/\\. (tropopause height decreases) and decreasing in the post-
ST : 1980 period (tropopause height increases) in all three latitude
T E zones. It should be pointed out that the increasing trend of

tropopause pressure over the tropics in the pre-1980 period is
small and not statistically significant at 95 % level. The sum-

100 hF'a

3
3
:

W/ : ?ﬁilr.m mer CESM1-WACCM tropopause pressure trends (Table 2)
~T—-~———**“*E ----- RICH generally agree within 1-sigma with the respective NCEP
::::"“"a e trends (Table 1) with the exception of the mid-latitudes of the
mm pre-1980 period where CESM1-WACCM shows a statistical

. o . ~ significant decreasing trend (tropopause height increases).
Figure 1. Layer mean temperature variations in Northern Hemi- The year- round temperature and tropopause trends (F|g 2)
sphere summer (JJA) at layers 925-500hPa, 500-300hPa, 10Qganerally show similar results to those derived for the sum-
50 hPa and 50-30hPa calculated from NCEP reanalysis and F mer period (see also Supplement Tables S3-S6). In the lower
Berlin data sets and filtered from natural variations for three latitu-

stratosphere, the layer mean temperatures are decreasing

dinal belts:(a) 5-30° N, (b) 30—60 N and(c) 60—9C N. The re- . -
spective summer normalized time series of temperature from RICI—FOntlnlJOUSIy from the late 1950s onwards. Specifically,

data set at levels 850, 500, 50 and 30 hPa are also illustrated as wdfPf the period 1958-1979, there is a cooling trend for the
as the NCEP tropopause pressure. The trend lines before and afté¢hole Northern Hemisphere 0f0.58+0.08°C decade’
1979 are superimposed. Grey lines denote NCEP reanalysis varin NCEP, —0.33+0.08°Cdecade! in RICH and
ations. Green lines denote variations as depicted in the FU-Berlin—0.4440.10°Cdecade®’ in  FU-Berlin. For the
analysis, while purple dotted lines denote the RICH data temperacommon to all data sets period 1980-2001, the re-
ture. The units of vertical axes are 1€ except for the tropopause spective trends are —0.76+0.09°C decade! in
which is in hPa. NCEP, —0.64+0.08°Cdecade® for RICH and
—0.71+0.10°Cdecade® in FU-Berlin. The CESMI-
WACCM model also shows a persistent cooling of the lower
The summertime lower stratosphere trends at the differstratosphere by-0.40+0.09°C decade! for 1958-1979
ent latitudinal belts (see Table 1 and Tables S1 and S2 irand by —0.24+0.10°C decade! for 1980-2001. The
the Supplement) indicate generally statistically significant (atdecreasing trends of lower stratospheric temperatures are
95 %) cooling trends over both pre-1980 and post-1980 pestatistically significant (at 95% confidence level) in the
riods in the tropics (5—30N) and mid-latitudes (30—60N) tropical belt (5-30N) and the mid-latitudes (30—60)
based on NCEP, FU-Berlin and RICH data sets which is alsdor all data sets. For the polar latitudes (60=80), it
reproduced by CESM1-WACCM (Table 2). However, in po- should be noted that there is a non-statistically significant
lar regions (60—90N), the lower stratosphere cooling trends (95 %) small negative temperature (or even positive) trend
are either non-statistically significant or marginally signifi- during the pre-1980 period at the lower stratosphere in
cant at the 95 % confidence level for NCEP, FU-Berlin andboth RICH and FU-Berlin data sets in contrast to NCEP
RICH data sets. The same result is also indicated in CESMland CESM1-WACCM. For the post-1980 period in the
WACCM simulation (Table 2). lower stratosphere over polar latitudes all data sets indicate
In the lower Northern Hemispheric troposphere (1000-statistically significant cooling trends but with the tension in
500hPa), non-statistically significant (at 95%) trends CESM1-WACCM simulation for a smaller cooling trend.
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Table 1. Trend calculations in Northern Hemisphere summer (JJA) based on the monthly normalized time series of the layer mean temper-
ature CC decadél) and tropopause pressure (TP; hPa deéé):iealculated from NCEP reanalysis and filtered from natural variations at

the latitudinal belts: (a) 5-3MN, (b) 30-60 N and (c) 60—90N. The layers are as follows: L1: 1000-925 hPa, L2: 925-500 hPa, L3: 500—

300 hPa, L4: 100-50 hPa and L5: 50-30 hPa. The trend calculations refer to the periods 1958-1979, 1980-2001, 1980-2005 and 1980201

90-60 N 60-30 N 30-0% N
Layer Trend 1t test Trend t test Trend t test

Period 1958-1979

L1 0.26+0.11 2.48| -0.01£0.04 -0.25 0.11+0.08 3.91
L2 0.10+0.09 1.12| -0.11+£0.04 —-2.92| —0.01+0.04 -0.22
L3 —0.42+0.07 -5.69 | -0.25+0.04 —-6.89 | —0.11£0.05 -2.19
L4 —-0.57+031 -1.83| -0.59+0.06 -10.37| -0.21+0.12 -1.79
L5 —-0.77£0.35 -2.19| -0.74+0.09 —-8.38| —0.59+£0.10 —-5.99
TP 1.98+1.25 1.58| 2.42+0.28 8.57| 0.19+0.24 0.78

Period 1980-2001

L1 0.39+0.11 3.42| 0.23+£0.04 531| 0.06+£0.03 2.00
L2 0.05+0.09 0.56| 0.19+0.04 4741 0.04+0.04 0.93
L3 0.14+0.08 1.83| 0.07+0.04 150 -0.10+£0.05 —2.20
L4 —0.70£0.34 -2.04| —-0.94+0.07 -14.14| -0.90+£0.11 —-8.30
L5 —-0.66+0.36 —-1.84| —0.83£0.08 -10.02| -0.73£0.09 —-8.20
TP —-187+169 -1.10| —-1.59+0.35 —-4.52| —-0.82£0.24 —-3.43

Period 1980-2005

L1 0.614+0.09 6.75 0.284+0.03 8.31 0.114+0.02 5.51
L2 0.14+0.07 2.07 0.24+0.03 7.81 0.11+0.03 3.67
L3 0.234+0.06 3.91| 0.11+0.03 3.20| —0.01+£0.03 -0.35
L4 —0.434+0.26 -1.61| —0.69+0.06 —-11.86| —0.79+0.08 -9.51
L5 —0.464+:0.28 —-1.66 | —0.63+-0.07 -9.14 | —0.554+0.08 —6.90
TP —-1.06+1.30 -0.82| —0.72+0.27 —-2.68| —0.75+£0.18 —4.14
Period 1980-2011

L1 0.654+0.07 9.18| 0.29+£0.03 10.83| 0.13+£0.02 7.85
L2 0.254+0.05 4.68 0.274+0.03 10.50 0.164+0.02 6.40
L3 0.28+0.05 5.99 0.16+0.03 5.91 0.07+0.03 2.22
L4 -0.32+0.22 -150| -0.53+0.05 -10.03| —-0.67+0.07 -10.21
L5 —0.384+0.22 —-1.70 | —0.454+-0.06 —7.59 | —0.41+0.06 —6.51
TP —-1.494+1.07 -1.40| —-1.07+0.25 —4.23 | —0.91+0.15 —-5.92

In the lower troposphere over the Northern Hemisphere jtudes, CESM1-WACCM shows a non-statistically signifi-
an insignificant change or a small cooling trend from thecant (at 95 %) trend in the period 1958—-1979 (Gt0%.06)
beginning of our data sets through to the end of thefollowed by a warming trend over the period 1980-2005
1970s (0.0H0.03 for NCEP and-0.13+ 0.03°C decade®  (0.24+0.06°C decade?!) in agreement with NCEP and
for RICH) is followed by a statistically significant warm- RICH. It should be noted that the year-round tropospheric
ing trend in the post-1980 period (0.30.02 for NCEP  temperature trends in the post-1980 period calculated in
and 0.27 0.02°C decade! for RICH). CESM1-WACCM  NCEP (see Supplement Table S3), RICH (see Supplement
shows a persistent warming of the lower troposphere dur-Table S4) and WACCM model (see Supplement Table S6)
ing summer by 0.23 0.09°C decade? in the pre-1980 pe- for the three latitudinal belts are within the range of respec-
riod and 0.28:0.07°C decade?! in the post-1980 period. tive calculations in previously published work based on dif-
Tropospheric temperature trends in CESM1-WACCM sim- ferent radiosonde data sets (Randel et al., 2009).
ulations (see Supplement Table S6) generally agree within The effects of natural forcings derived from our multi-
1-sigma with NCEP temperature trends before and aftellinear regression analysis are in generally good agreement
1980 with the exception of the pre-1980 trend in polar lat- with previous studies (e.g. Randel et al., 2009), given that we
itudes showing a statistical significant warming in contrast touse layer mean temperatures and different latitude band av-
NCEP and RICH data sets. When excluding the polar lat-erages. The effects of solar and volcanic forcing are found
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Table 2. Trend calculations in Northern Hemisphere summer (JJA) based on the monthly normalized time series of the layer mean temper-
ature (C decadél) and tropopause pressure (TP; hPadeEé)jeaIcuIated from the WACCM model and filtered from natural variations

at the latitudinal belts: (a) 5-3MN, (b) 30-60 N and (c) 60-90N. The layers are as follows: L1: 1000-925 hPa, L2: 925-500 hPa, L3:
500-300 hPa, L4: 100-50 hPa and L5: 50-30 hPa. The trends calculations refer to the periods 1958-1979, 1980-2001 and 1980-2005.

90-60 N 60-30 N 30-0% N

Layer Trend 1t test Trend  ttest Trend ¢ test
Period 1958-1979

L1 0.70+0.45 1.55| 0.01+0.32 0.02| —0.02+0.10 -0.16
L2 0.37+0.09 4.23| —0.01+£0.04 -0.20 0.194+0.02 8.66
L3 0.13+0.06 2.14| 0.02+0.04 0.43| 0.24+0.03 7.83
L4 —0.26+0.32 -0.81| —0.22+0.10 -2.25| —0.30+0.09 -3.22
L5 —0.28+0.35 -0.80| —0.32+0.13 -2.41| —0.57+0.10 -5.80
TP 0.33+1.13 0.29| —1.42+0.45 -3.14| -0.57+£0.53 -1.07
Period 1980-2001

L1 0.14+0.42 0.33| 0.12+0.36 0.34| 0.40+0.10 3.97
L2 0.40+0.10 3.90| 0.29+0.04 6.67| 0.22+0.04 5.14
L3 0.33+0.07 4.64| 0.26+0.05 5.25| 0.29+0.07 4.31
L4 —0.43+0.28 -1.50| —0.16+0.14 -1.19 | —0.31+0.15 -2.08
L5 —0.35+0.31 -1.13 | —0.40+0.17 —-2.40| —0.44+0.16 -2.73
TP —2.20+1.02 -2.16 | —0.75+0.43 -1.74| —-0.10+£0.53 -0.19
Period 1980-2005

L1 0.04+0.32 0.12| —0.03+0.29 -0.11 0.35+0.08 4.43
L2 0.34+0.08 440 0.31+£0.04 8.39| 0.23+0.03 7.49
L3 0.30+0.06 5.39| 0.32£0.04 7.83| 0.32£0.05 6.46
L4 —-0.52+0.23 -2.30| —0.13+0.10 -1.28 | —0.23+0.11 -2.14
L5 —0.46+0.25 -1.85| —0.34+0.13 -2.72 | —0.30+0.11 -2.62
TP —2.87+0.86 —-3.35| —0.69+0.34 —-2.01| —0.55+0.40 —-1.38

to be more pronounced after 1980. Although the QBO signaltic abrupt enhancement of the cooling trend for pre-1980
is very small and insignificant in the troposphere, we have(Fig. 3e). In the post-1980 period the cooling trends are non-
used the same regression model throughout the atmosphesgatistically significant for all months except for March—April

for uniformity and consistency. with the strongest cooling signal which might be associated
with the Arctic ozone depletion by ODSs (Fig. 3f). In the
3.2 Monthly trends lower stratosphere over polar latitudes for the pre-1980 pe-

riod, neither RICH (Fig. 4e) nor FU-Berlin (Fig. 5a and c)
The temperature trends were also calculated on a monthlyata sets show statistically significant (at 90 % confidence
basis. The layer mean temperature trends based on NCEP rgwvel) negative trends. However, it should be noted that the
analysis (Fig. 3) are persistently negative at the lower stratoabrupt shift in trend from winter to early spring is a common
sphere for all months, for the periods both before and af-feature in all three data sets which could be related to dynam-
ter 1979 at the tropical and mid-latitude latitudinal belts. jcal processes and the related variability of the polar vortex.
The monthly temperature trends based on the RICH data s&h the post-1980 period both RICH and FU-Berlin data sets
(Fig. 4) and the FU-Berlin data set (Fig. 5) also show per-indicate cooling trends maximizing in early spring in agree-
sistent negative temperature trends in the lower stratosphefigent with the NCEP results presumably due to the ozone
for all months for the periods both before and after 1979depletion issue within the Arctic polar vortex. The CESM1-
at the tropical and mid-latitude latitudinal belts, in agree- WACCM simulation captures at polar latitudes (Fig. 6e) the
ment with NCEP. The CESM1-WACCM simulation repro- abrupt decrease (or elimination) of the cooling trend from
duces the cooling trends in the lower stratosphere for bothyinter to early spring for the pre-1980 period but the win-
pre-1980s and post-1980s at the tropical and mid-latitude latter cooling trends are much stronger than in NCEP, RICH
itudinal belts (Fig. 6). and FU-Berlin data sets. In the post-1980 period the cooling
At polar latitudes, we find non-statistically significant trends are non-statistically significant (at 90 % confidence

(at 90% confidence level) cooling trends for all months |evel) for all months and the early spring cooling trend seen
in NCEP, except in February—March with a characteris-
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Figure 2. Monthly normalized time series of the layer mean tem-
perature at layers 925-500 hPa, 500-300 hPa, 100-50 hPa and 50— 1
30 hPa calculated from NCEP reanalysis and FU-Berlin data setflgure 3. La_yer mean temperature trendC(decade ) for e_ach

for the Northern Hemisphere and filtered from natural variations atmonth (‘ axis) and layer { axis) based on NCEP_reanaIy5|s over
the latitudinal belts(a) 5-30° N, (b) 30-60 N and (c) 60-9C N. Fhe .perlods 1958-1979 and 1980-2005, respectively, for three lat-
The respective monthly normalized time series of temperature fr0n4tUdInaI belts:(a) and (b) for 5-3C° N, (c) and(d) for 30-60'N

RICH data set at levels 850, 500, 50 and 30 hPa are illustrated witfnd (€) and (f) for 60-9C'N. Layer 1: 1000-925hPa, Layer 2:
purple lines as well as the NCEP tropopause pressure normalizeg2>~500hPa, Layer 3: 500-300hPa, Layer 4: 100-50hPa, Layer
monthly means. The trend lines before and after 1979 are superim‘f’: 5_0__30 hP"’_" a_n_d Layer 6: 30-10 hP"?" The shaded areas are non-
posed. The units of vertical axes ar€ @ except for the tropopause statistically significant at the 90 % confidence level.

which is in hPa.

months months

ods (Figs. 1 and 2). In this section we investigate the interan-
in NCEP, RICH and FU-Berlin data sets (due to ODSs) isnual correlation of temperature with tropopause pressure on a
not captured or is smaller (Fig. 6f). Overall, all data sets in-monthly basis with the aim of unravelling the relative contri-
dicate that persistent cooling trends in the lower stratosphergution of tropospheric and stratospheric temperatures on the
exist in all months and for both periods before and after 1979nterannual and long-term variability of tropopause pressure.
which is a robust feature over the tropical belt and the middleAs has been pointed out in previous studies, the interannual
latitudes. variability and the trends in tropopause height are mainly
determined by the interannual variability and the trends of
temperature in the lower stratosphere and upper troposphere
(Seidel et al., 2006; Son et al., 2009).
As seen in Figs. 1 and 2, the tropopause pressure follows At the tropical latitudinal belt (5-30N) the Pearson cor-
closely (but reversed) the tropospheric temperature long-ternnelation between tropopause pressure and layer mean tem-
course with a cooling trend or absence of a trend until abouperature (based on NCEP reanalysis) is negative in the tro-
the end of the 1970s and a warming trend from about theposphere ranging from0.3 to—0.7 becoming positive and
mid-1980s until the present. Moving up in the lower strato- stronger in the lower stratosphere ranging from 0.6 to 0.9
sphere, we have seen that all data sets show persistent coolirfgig. 7a). The negative correlations in the troposphere have
temperature trends for both the pre-1980 and post-1980 peria seasonal signal with the tendency to get stronger during

3.3 Tropopause—temperature correlation
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] o ’ 0 June to September (Fig. 7b) indicating a higher sensitivity of
o 0wt o tropopause interannual changes to tropospheric temperature
i | %8 o changes during the warm season. CESM1-WACCM (Fig. 7e)

o o captures the basic pattern of the tropopause—temperature cor-

2] w7 a0 relations seen in NCEP for mid-latitudes.

. ‘ G0 ol diin, A I At polar latitudes (60-90N), the negative correlations (in

months T s NCEP) in the troposphere have a seasonal signal with the

Figure 4. Temperature trends’C decadél) for each month X tendepcy 10 get stronger df”".‘g the warm period of the year
axis) and level ¥ axis) based on RICH data set over the periods rea(_:hlng a valuc? 0 0.7 while in the Iower.stratosphere the
1958-1979 and 1980-2005, respectively, for three latitudinal beltsPOSitivVe correlations become stronger during the cold part of
(a) and (b) for 5-3C° N, (c) and(d) for 30—6( N and (e) and (f) the year reachlng a value of 0.8 (Flg 7C) Thus the interan-
for 6090 N. Level 1: 850 hPa, Level 2: 500 hPa, Level 3: 300 hPa, Nual variability of lower stratospheric temperature dominates
Level 4: 100 hPa, Level 5: 50 hPa, and Level 6: 30 hPa. The shade@Vver tropospheric temperature for controlling the interannual
areas are non-statistically significant at the 90 % confidence level. variability of the tropopause during the cold part of the year
linked with the development of the polar vortex. In contrast,
during the warm period of the year, the interannual variability
of tropospheric temperature takes over stratospheric temper-
the summer period while in the lower stratosphere the strongyyre, linked to the higher heating rates of the polar tropo-
positive correlation persists throughout the course of the yealsphere.
Hence it iS inferred from F|g 7a that throughout the year the The tropopause_temperature COfre'ation pattern in
interannual variance of the lower stratospheric temperatureg espm1-WACCM over the polar latitudes (Fig. 7f) is similar
contributes to the interannual variability at the tropopause retg the pattern of mid-latitudes and does not capture the
gion, a higher percentage than that contributed from the variNCEP correlation pattern of polar latitudes. A common
ance of tropospheric temperatures. The relative contributioeature for the three latitudinal belts and for both NCEP and
of tropospheric temperatures in the interannual variance a{yACCM is that the negative correlations in the troposphere
tropopause maximizes during the warm period of the yearhave a seasonal signal with the tendency to get stronger
CESM1-WACCM (Fig. 7d) reproduces fairly well the corre- quring the warm part of the year, linked to the more efficient

lation pattern of NCEP at the tropical band, thus indicating mechanism of tropospheric heating to affect the interannual
gOOd skill of the model to simulate the relation in the interan- Vanab'“ty of climate variables at the tropopause region_

nual variability between tropopause height and temperature
in the lower stratosphere/upper troposphere region.

At mid-latitudes, the tropopause—temperature correlations
in the NCEP data set become weaker, reaching 0.4 in the
lower stratosphere and0.5 in the troposphere mainly from
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a) Trends WACCM 1958-1979 (5N-30N) b) Trends WACCM 1980-2005 (5N-30N) @) TP vs Temp NCEP 1958-2005 (5N-30N) d) TP vs Temp WACCM 1958-2005 (5N-30N)
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and (e) and (f) for 6090 N. Layer 1: 1000-925hPa, Layer 2: f). Laver 1° 1000-925 hPa. Laver 2- 925-500 hPa. Laver 3: 500
925-500 hPa, Layer 3: 500-300 hPa, Layer 4: 100-50 hPa, Layey" Yo = , CAyer & , LAYyer S

) - 00 hPa, Layer 4: 100-50hPa, Layer 5: 50-30hPa, and Layer 6:
5 5.0_.30 hPa_l, a_n_d Layer 6: 30-10 hP"i" The shaded areas are no§0—10 hPa. The contours indicate the statistically significant corre-
statistically significant at the 90 % confidence level. lations at the 95 % significance level with>0.3 orp <—0.3

4 Discussion and concluding remarks (e.g. Harris et al., 2008). These decreasing lower stratosphere

We presented the stratospheric temperature trends from thtrends are robust features for NCEP, FU-Berlin and RICH
P P P Jata sets in the tropics and the middle latitudes. The CESM1-

latte 19505. using the mdepgndently produced FU'Ber“nWACCM simulation reproduces the lower stratosphere cool-
stratospheric data set comprising monthly layer mean tem:

: : . .. ing trends before and after the 1980s in the tropics and over
peratures derived from geopotential heights together with_: . . . ; i o
; ; . ; mid-latitudes, consistent with an increased infrared emission
other analysis using reanalysis and radiosonde data over the
. . . By CO, (Marsh et al., 2013). It should be noted that mod-
Northern Hemisphere. After removing the natural variability ;
) L L2 : .7 elled trends in the lower stratosphere were found to be gen-
with the use of climatic and dynamical indices in a statisti- . .
. . . rally lower than those found in the reanalysis and the obser-
cal autoregressive multiple regression model, the calculated_ . ; g :
. : vations. This result is in agreement with the study by Santer
year-round trends showed a persistent decrease in temper-

atures in the lower stratosphere since the late 1950s. Thigt al. (2013) who showed that on average the CMIP5 mod-

. . ! . els analysed underestimate the observed cooling of the lower
is also confirmed by applying the interannual trend analy-

. * stratosphere which may be due to the need for a more real-
ses separately for the summer when the stratosphere is less. . : .
) . T o istic treatment of stratospheric ozone depletion and volcanic
disturbed, the BD circulation is weaker and it is also not

influenced at high latitudes by the chemical ozone deple—aerOSOI forcing.

tion due to ODSs found in the winter—early spring period
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It should be pointed out that the temperature long-termdynamical and radiative processes that reduce the statistical
trends based on RICH are within 1-sigma of the thick- significance of these trends. A number of modelling stud-
ness calculated layer temperature trends from FU-Berlin andes suggest that the greenhouse warming leads to stronger
NCEP data sets, indicating a consistent picture for the cooliropical upwelling and stronger BD circulation (Rind et al.,
ing trend of the lower stratosphere before and after 1980. Th&001; Cordero and Forster, 2006; Butchart et al., 2006, 2010;
consistency of RICH temperature trends with the thicknessAustin and Li, 2006; Rosenlof and Reid, 2008; Garcia and
calculated layer mean temperature trends from FU-BerlinRandel, 2008; Lamarque and Solomon, 2010). The GHG-
and NCEP enhances our confidence for the cooling trend innduced strengthening of BD circulation may lead to a rel-
the lower stratosphere in the pre-satellite era despite the doatively warmer lower stratosphere at higher latitudes thus
umented trend uncertainties of the radiosonde data sets dumasking the GHG radiative cooling discussed before. In con-
ing this period (Randel and Wu, 2006; Free and Seidel, 2007trast, over the tropics both dynamical and radiative processes
Randel et al. 2009). Furthermore, the inspection of loweract in the same direction, i.e. the cooling in the lower strato-
stratospheric trends on a monthly basis for all data sets insphere. Our results are in line with other recent studies. For
dicate the persistent cooling trends in the lower stratospherexample, Thompson and Solomon (2009) demonstrated that
to be a common feature for all months before and after 198Ghe contrasting latitudinal structures of recent stratospheric
both at the tropical belt and over the middle latitudes. temperature (i.e. stronger cooling in the tropical lower strato-

The post-1980 lower stratosphere cooling is a commonsphere than in the extratropics) and ozone trends (i.e. en-
finding in the global mean based on all available satellite anchanced ozone reduction in the tropical lower stratosphere)
radiosonde data sets while the stratosphere cooling is alsare consistent with the assumption of increases in the strato-
reported for the pre-satellite era since 1958 (WMO, 2011;spheric overturning BD circulation. Free (2011) also pointed
Zerefos and Mantis, 1977). Our post-1980 year-round stratoeut that the trends in the tropical stratosphere show an inverse
spheric temperature trends at layers L4 (100-50 hPa) anckelationship with those in the Arctic for 1979-2009, which
L5 (50-30hPa) are in the range of calculated trends in Mi-might be related to changes in stratospheric circulation.
crowave Sounding Unit (MSU) channel 4 (15-20km) and In the troposphere, a common feature in the RICH and
Stratospheric Sounding Unit (SSU) channel 1 (25-35km).NCEP data sets is a non-statistically significant trend or a
MSU channel 4 trends derived from RSS and UAH dataslight cooling trend until about the end of the 1970s, followed
show cooling trends over the Northern Hemisphere rang-by a warming trend until the present day for the three latitu-
ing from —0.2 to —0.5°C decade? over the period 1979— dinal belts. This pre-1980 cooling trend (or absence of trend)
2007 (Randel et al., 2009). Comparable cooling trends werén the troposphere is associated with a notable cooling trend
obtained for MSU channel 4 after reprocessing by NOAA from the late 1940s to 1970s (IPCC, 2007), which has been
with the trends at polar latitudes revealing higher uncer-raised as a point of weakness in the theory ob@€€lated an-
tainties. The SSU channel 1 trends as processed by ththropogenic global warming (Thompson et al., 2010). How-
UK Met Office and reprocessed by NOAA show cooling ever, apart from the important role of the decadal natural vari-
trends ranging from about0.5°C decade’ (Met office) to  ability hampering the anthropogenic climate change (Ring
about—1.1°C decade® (NOAA) over the period 1979-2005 et al., 2012; Kosaka and Xie, 2013), anthropogenic aerosols
(Thompson et al., 2012). also attracted the scientific interest as a possible cause for

These long-term cooling trends in the lower stratospherehis mid-century cooling due to a high concentration of sul-
can be maintained by increasing GHGs that cool the stratofate aerosols emitted in the atmosphere by industrial activi-
sphere while warming the troposphere (IPCC, 2007 and refties and volcanic eruptions during this period causing the so-
erences therein; Polvani and Solomon, 2012). The post-1986alled “solar dimming” effect (e.g. Wild et al., 2007; Zere-
decrease in stratospheric ozone in late winter—early sprindos et al., 2012). Hence the pre-1980 small cooling trend or
at mid- and polar latitudes of the Northern Hemisphere dueinsignificant change might be due to natural variability in
to ODSs complicates the issue (Harris et al., 2008). How-the ocean—atmosphere system in combination with the com-
ever, the persistence of the cooling trends in the lower stratopensating role of anthropogenic aerosols in the troposphere.
sphere for all months and especially during the less disturbe@oncerns have been raised recently that increases in aerosol
summer period with the reduced interannual variance whichfrom anthropogenic air pollution and associated dimming of
are observed both before and after 1980 over the tropics andgurface solar radiation could have masked to a large extent
the mid-latitudes indicates that the anthropogenic enhancethe temperature rise induced by increasing greenhouse gases,
greenhouse effect is the most plausible cause for the observesb that the observed temperature records would not reflect
stratospheric quasi-monotonic cooling in the Northern Hemi-the entire dimension of greenhouse warming (Andreae et al.,
sphere. 2005; Wild et al., 2007).

At polar latitudes (60—90N) the cooling trends in the The investigation of the interannual correlation of
lower stratosphere are either non-statistically significant ortropopause pressure with tropospheric and stratospheric tem-
marginally significant at the 95 % confidence level for all peratures showed a few distinct characteristics. A common
data sets. This finding could be related to the competingeature for the three latitudinal belts in both NCEP and
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CESM1-WACCM is that the influence of tropospheric tem-  The relative contribution of lower stratosphere versus tro-
perature on the interannual variability of tropopause has gosphere for the control of tropopause low-frequency vari-
seasonal signal with the tendency to get stronger during thability is an important issue for understanding past and future
warm period of the year when the tropospheric heating maxtropopause trends in view also of the monotonically increas-
imizes. ing future tropopause height trends to the end of the 21st cen-

In the tropics (5-30ON), the interannual variability of tury predicted by both stratosphere-resolving CCMs and the
lower stratospheric temperature dominates over tropospherimtergovernmental Panel on Climate Change Fourth Assess-
temperature, controlling the interannual variability of the ment Report (AR4) models (Son et al., 2009).
tropopause throughout the year in both NCEP and CESM1- In conclusion, we provide additional evidence for an early
WACCM. This could possibly explain why at the tropical greenhouse cooling signal of the lower stratosphere before
zone (5-30N) there is a decreasing trend of tropopause 1980, which appears earlier than the tropospheric greenhouse
pressure (increase of tropopause height) in the pre-1980svarming signal. As a result, it may be that the stratosphere
Seidel and Randel (2006) also reported, using radiosondeould have provided an early warning of human-produced
data, that on the multidecadal scale for tropical atmosphereclimate change. In line with the theoretical expectations that
the tropopause height change is more sensitive to stratoequilibrium temperature in the stratosphere compared to the
spheric temperature change than tropospheric change arndposphere is more sensitive to anthropogenic GHGs and
hence at the lowest frequencies the tropopause is primariljess sensitive to tropospheric water vapour, aerosols and
coupled with stratospheric temperatures. clouds, it is tentatively proposed that the stratosphere is more

At mid-latitudes the tropopause pressure—temperature corsuitable for the detection of man-made climate change sig-
relations become generally weaker maximizing from Junenal. We suggest that the maintenance and enrichment of the
to September with tropospheric temperatures slightly over-ground-based and satellite global networks for monitoring
whelming stratospheric temperatures for the control of thestratospheric temperatures and the tropopause region, which
interannual variability of tropopause. This is in line with the adds value in understanding the behaviour of the interface
study of Son et al. (2009) who analysed a set of long-termbetween the troposphere and stratosphere, are essential steps
integrations with stratosphere-resolving CCMs and reportedo unravel the issue of future human-induced climate change
that at mid-latitudes the linear tropopause height increase isignals.
controlled by the upper troposphere warming rather than the
lower stratosphere cooling. Wu et al. (2013) reported a sig-
nificant positive correlation between the changes in the tro-The Supplement related to this article is available online
pospheric temperature induced by aerosols and tropopaus¥ doi:10.5194/acp-14-7705-2014-supplement
height at mid-latitudes, the zone between 8Ad 60 in both
hemispheres. Hence taking into account the anthropogenic
aerosols variability in the troposphere, the tropopause trends
at mld-latltude§ may not solely reflect the human-induced CII'Acknowledgements!.:orthe University of lllinois, this research was
mate Change'5|gnal from GHGs. . L supported in part from NASA under project NASA NNX12AF32G.

At polar latitudes (in NCEP) the interannual variability of \ve acknowledge the support provided by the Mariolopoulos-
lower stratospheric temperature dominates over tropospheriganaginis Foundation for the Environmental Sciences. P. Zanis
temperature for controlling the interannual variability of the and J. Luterbacher would like also to acknowledge the support in
tropopause during the cold part of the year (linked with thethe framework of the Greece—Germany Exchange and Cooperation
development of the polar vortex) while the opposite occursProgramme, IKYDA 2012. The FU-Berlin data set was obtained
during the warm period of the year (linked to the higher by K. Labitzke and Collaborators, 2002: The Berlin Stratospheric
heating rates of polar troposphere). However, during the |at@ata_1 Series, CD from the_Mete_orologicaI Institute, Frge University
winter—early spring, chemical ozone depletion within the pc)_Berlln. NCEP Reanalysis-derived data were provided by _the
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cool the lower stratosphere (in addition to the radiative effectweb site athttp://www’Cdcinoaa'gowrhe. authors would like to
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GHG-induced strengthening of BD circulation, which leads
to a relatively warmer lower stratosphere (thus masking theggited by: E. Gerasopoulos
GHG radiative cooling) and lower tropopause, further com-
plicates the issue of using lower stratosphere temperature and
tropopause height as climate change indicators at polar lati-
tudes. CESM1-WACCM at polar latitudes does not capture
the respective NCEP correlation pattern, an issue that needs
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