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7.1 Introduction

The upper troposphere/lower stratosphere (UTLS) 
plays a key role in radiative forcing and chemistry-climate 
coupling (see Shepherd (2007) for a recent review). The 

UTLS is the region lying between the lower troposphere 
and the middle stratosphere, from roughly 5 to 22 km alti-
tude. The dynamical, chemical, and radiative properties of 
the UTLS are in many ways distinct from both the lower 
troposphere and the middle stratosphere. The coupling 
between dynamics, chemistry, and radiation is especially 
strong in the UTLS, controlled by complex processes on 
a wide range of length and time scales. UTLS processes 
depend crucially on the distribution of greenhouse gases 
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(GHGs), especially O3 and H2O, as well as aerosols and 
clouds.  Perturbations to the distributions of these atmos-
pheric constituents can lead to direct forcing of surface cli-
mate through both radiative and dynamical mechanisms. 
The extra-tropical tropopause region is an important source 
of baroclinic instabilities that impact surface weather. In 
turn, climate change, through changing temperatures and 
transport patterns, has the potential to affect the chemical 
composition and structure of the UTLS. 

In order to investigate the mechanisms determining 
the structure of the UTLS and to quantify future changes 
using CCMs, it is important that CCMs accurately repre-
sent the dynamical, radiative, and chemical properties of 
the UTLS. In this chapter, we present the first comprehen-
sive validation of CCMs in the UTLS, using a wide range 
of process-oriented model diagnostics. To achieve this 
goal, new data sets are compiled and analysed in order to 
test their usefulness in serving as observational references. 
Many of the diagnostics are based on seasonal cycles, a 
long-established tool for validating models. Many other 
diagnostics presented here are used for the first time, and 
may require further development. The different diagnos-
tics are used to grade model skill, which are summarized at 
the end of the chapter into a qualitative overall assessment 
of each model’s performance. Some of the more complex 
diagnostics are applied only to a subset of the CCMVal-2 
models that provided temporally higher-resolved instanta-
neous chemical and dynamical fields. These evaluations 
add additional information on key aspects of transport and 
dynamics in the UTLS, and may be regarded as examples 
of how future validation efforts could be expanded, but 
are not at this time comprehensive quantitative metrics of 
model performance. Some of the analyses are compared 
to recently published studies using the CCMVal-1 models. 
Also, past and future trends of key dynamical and chemical 
quantities are presented at the end of the chapter.

In many cases, a different balance of processes and 
structures exists in the tropics and at higher latitudes, pro-
viding a natural separation between the tropical UTLS, 
which also contains the Tropical Tropopause Layer (TTL), 
and the extra-tropical UTLS. We use this distinction as a 
natural break, but do not neglect the interactions across 
latitudes, and processes in the subtropics. Table 7.1 pro-
vides an overview of the model diagnostics described in 
this chapter organised according to the key processes the 
diagnostics are testing for both the tropical and the extra-
tropical UTLS. 

The different diagnostics are explained in detail in the 
tropical and extra-tropical UTLS sections, but here a short 
summary is given:

Tropical UTLS diagnostics: For the tropical UTLS, or 
Tropical Tropopause Layer (TTL), we focus on several di-
agnostics of temperature, transport and water vapour. The 

TTL is the source of almost all stratospheric air, and wa-
ter vapour in the stratosphere is regulated by tropopause 
temperatures (Brewer 1949). Tropopause temperature is an 
important aspect of model representation of the TTL since 
it has strong implications for the water vapour distribution. 
Other diagnostics focus on variability in the TTL, both for 
examining large scale and long term variability in tropo-
pause temperature, as well as intra-seasonal variability and 
the representation of tropical wave modes in the models. 
Quantitative grades are reported for diagnostics for water 
vapour, tropopause temperature, and tropopause pressure.

Extra-tropical UTLS diagnostics: For the extra-tropi-
cal UTLS, we focus on several diagnostics of dynamics, 
transport, mixing and variability. The mass flux into the 
lowermost stratosphere (LMS, see Figure 7.1) from above 
and the seasonality in LMS mass determine the amount 
and temporal variability of stratospheric ozone transported 
into the troposphere, thereby having a crucial impact on 
the radiative budget of the upper troposphere, but also on 
tropospheric chemistry. The distributions of radiatively ac-
tive species such as ozone and water vapour influence tem-
peratures, winds, and dynamics in the extra-tropical UTLS. 
O3 and H2O are key in determining the models’ capabilities 
to represent stratosphere-troposphere coupling accurately. 
Several diagnostics therefore focus on how well the mod-
els represent the dynamical and chemical structure of the 
extra-tropical UTLS, especially the distributions of tem-
perature, O3 and H2O.

The chapter starts with a description of the data sets 
used in the comparisons (Section 7.2), followed by an in-
troduction to the diagnostics used in this chapter (Section 
7.3). The main validation exercise is divided into two 
sections discussing UTLS characteristics of the tropics 
(Section 7.4) and the extra-tropics (Section 7.5) separately. 
In Section 7.6, we discuss past and future changes simu-
lated in the models, before we summarize our findings and 
provide an overall assessment of the models’ performance 
in the UTLS in Section 7.7. 

7.2 Description of  observational data 
sets used for CCM validation

High quality measurements in the global UTLS for 
the use of model validation are difficult to obtain due to 
major challenges for the available measurement platforms. 
In situ instruments on balloons or aircraft are challenged by 
the low pressure and low temperature conditions. Remote 
sensing techniques used to observe the stratosphere are 
challenged by saturation of the measured radiances in the 
UTLS in many commonly used wavelengths. Additional 
difficulties arise from the small vertical and horizontal 
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Table 7.1: List of core processes to validate CCMs in the UTLS. Gray highlights the diagnostics that will be 
used as quantitative metrics for the overall model assessment.

Process Diagnostic Variables Data Referencesa Section
Tropical UTLS
Dynamics Seasonal cycle in CPTb T NCEP, ERA-40	 Eyring et al. (2006) 7.4.1

TP inversion layer T GPS Gettelman et al. (2010) 7.4.7
Dehydration Seasonal cycle in H2O 

above CPT (80 hPa)
H2O HALOE Eyring et al. (2006) 7.4.5

H2O – CPT correla-
tions

H2O NCEP, ERA-40, 
HALOE

Gettelman et al. (2010) 7.4.5

Lagrangian CPT u, v, T, 
Heating

NCEP, ERA-40	 Kremser et al. (2009) 7.4.3

Variability Interannual  CPT 
anomalies

T NCEP, ERA-40	 Gettelman et al. (2009) 7.4.1

Wave analyses T, u, v, 
OLRb

ERA-40, ERA-
Interim, NCEP, 
NCEP2, JRA25

Wheeler and Kiladis 
(1999)

7.4.6

Transport & mixing O3 seasonal cycle (100 
hPa)

O3 O3-sondes Eyring et al. (2006) 7.4.4

Lagrangian Transport 
Time

u, v, T, 
Heating

NCEP, ERA-40 Kremser et al. (2009) 7.4.3

Extra-tropical UTLS
Dynamics Zonal mean zonal wind 

@200 hPa
u ERA-40, NCEP Hegglin et al. (2010) 7.5.1.1

Seasonal cycle in LMS 
mass

M NCEP Appenzeller et al. 
(1996)

7.5.1.2

TP pressure anomalies pressure ERA-40, NCEP Gettelman et al. (2010) 7.5.1.3
TP inversion layer T GPS Birner (2006) 7.5.1.4

Transport &
mixing

Seasonal cycle in O3, 
HNO3, H2O @100 and 
200 hPa

O3, HNO3, 
H2O

MIPAS, ACE-FTS, 
MLS

Logan (1999) 7.5.2.1

Meridional tracer gra-
dients @200 hPa

O3 MLS Shepherd (2002) 7.5.2.2

Normalised CO rela-
tive to TP

CO SPURT Hoor et al. (2004, 
2005); Hegglin et al. 
(2010)

7.5.2.3

Vertical profiles in TP 
coordinates

H2O, CO, 
O3

Aircraft, ACE-FTS Pan et al. (2004, 2007)
Tilmes et al. (2010)

7.5.2.4

ExTLb depth H2O/O3 Aircraft, ACE-FTS Pan et al. (2007) 
Hegglin et al. (2009)

7.5.2.5

Variability PDFs of O3 variability O3 MLS Rood et al. (2000) 7.5.3

a Listed references provide information on the diagnostic and/or the observations used for the evaluation
b Abbreviations: CPT=cold point temperature; TP=tropopause; OLR=outgoing long-wave radiation; ExTL=extra-

tropical tropopause transition layer
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length scales found in the chemical and dynamical fields in 
the UTLS – the result of the large dynamical activity in the 
tropopause region. 

Here, an overview is given of the observational data 
sets used for the model-measurement comparisons in the 
UTLS in order to provide critical information about their 
accuracy, precision, and potential sampling issues. Note 
that the list below is not a comprehensive compilation of 
currently available data sets which may be useful for mod-
el evaluation in the UTLS.

7.2.1 Balloon data

The global radiosonde network provides a compre-
hensive view of the thermal structure of the UTLS. High 
vertical resolution radiosondes have provided a wealth of 
information about TTL structure. However, inhomogenei-
ties in radiosonde records over time often make use of raw 
records problematic for trend analysis, and care must be 
taken when trends are analysed (Seidel and Randel, 2006). 

7.2.2 Aircraft data

As with balloon measurements, aircraft observations 
provide mostly high accuracy, high precision, and high res-
olution data in the UTLS, but may be restricted in their rep-
resentativeness due to limited sampling in time and space. 

Data from various NASA, NSF, and some German 
aircraft campaigns between 1995 and 2008 have recently 
been compiled into a high resolution aircraft based UTLS 
climatology of ozone, CO and H2O (Tilmes et al., 2010). 
The data set covers a broad altitude range up to 22 km. 
The spatial coverage ranges over all latitudes in the NH for 
most of the four seasons, but coverage is predominantly 
over North America and Europe. The precision and accur-
acy of the ozone data is ± 5%. CO observations taken by 
different instruments have a precision of < 1% and an ac-
curacy of < 3%. The precision of H2O data is estimated to 
be < 5% and the accuracy is between 0.3 ppmv and values 
of 10% depending on the instrument. ����������������������The aircraft climatol-
ogy is especially designed to serve as a tool to evaluate the 
representation of chemistry and transport by CCMs in the 
UTLS.

A subset of these high�������������������������  -resolution and high-pre-
cision observations is used separately in this chapter 
and stem from the German SPURT aircraft campaign 
(SPURenstofftransport in der Tropopausenregion, or trace 
gas transport in the tropopause region). The campaign 
consisted of 8 deployments distributed seasonally over 
the course of three years (2001-2003), with a total of 36 
flights, each yielding around 2-5 hours of observations. 
The flights were carried out between around 35°N and 
75°N over Europe and reached potential temperature levels 
between 370 K and 375 K. A campaign overview is given 

by Engel et al. (2006). The CO measurements used in this 
study typically showed total uncertainties of 1.5% (Hoor 
et al., 2004). 

Another subset of high-resolution data used sepa-
rately in this chapter stems from the NASA POLARIS 
(Photochemistry of Ozone Loss in the Arctic Region in 
Summer) campaign (Newman et al., 1999). During the 
campaign, 35 flights were deployed between March and 
September 1997 using the NASA ER-2 research aircraft 
from three locations: Moffett Field, California (~37°N), 
Fairbanks, Alaska (~65°N), and Barbers Point, Hawaii 
(~21°N).  The flights covered a latitude range of approxi-
mately 20°N-70°N and a vertical range of 5-18 km. For the 
O3 and H2O data used in this study, the estimated accuracies 
are ~3% and 5%, respectively (Proffitt and McLaughlin, 
1983; Hintsa et al., 1999). The use of these data to char-
acterize the ExTL has been described in Pan et al. (2004; 
2007).

7.2.3 Satellite data

Recently, satellite instruments have achieved the 
technological maturity to remotely sound the UTLS from 
space, offering an unprecedented temporal and spatial cov-
erage of this region. To determine the accuracy and preci-
sion of these measurements is the focus of intensive valida-
tion efforts. While more data sets will become available in 
the near future, here we describe only the data from instru-
ments used in this chapter. 

ACE-FTS  on SCISAT-1

The Atmospheric Chemistry Experiment Fourier 
Transform Spectrometer (ACE-FTS) on Canada’s 
SCISAT-1 satellite features high resolution (0.02 cm-1) and 
broad spectral coverage in the infrared (750 to 4400 cm-1) 
(Boone et al., 2005; Bernath et al., 2005). The instrument 
has operated since February 2004 in solar occultation mode 
providing seasonally varying coverage of the globe, with 
an emphasis on mid-latitudes and the polar regions. Up 
to 30 occultation events occur per calendar day. The very 
high signal-to-noise ratio characterizing the ACE-FTS in-
frared spectra makes it possible to measure more than 30 
chemical trace gas species with high accuracy and preci-
sion (Clerbaux et al., 2008; Dupuy et al., 2008; Hegglin 
et al., 2008). The derived overall measurement uncertain-
ties in the observations for the UT and LS were ±9% and 
±12% for CO, ±30% and ±18% for H2O, and ±18% and 
±8% for O3, respectively (Hegglin et al., 2008). This, to-
gether with vertical sampling ranging from about 3 km to 
less than 1 km in the UTLS, provides the first global view 
of tracer distributions in the extra-tropical tropopause re-
gion (Hegglin et al., 2009). 
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Aura MLS

The Microwave Limb Sounder (MLS) on the EOS 
Aura satellite measures millimeter- and submillimeter-
wavelength thermal emission from the limb of Earth’s at-
mosphere (Waters et al., 2006). Aura MLS has data cover-
age from 82°S to 82°N latitude on every orbit, providing 
comprehensive information on UTLS tracer distributions. 
Vertical profiles are measured every 165 km along the sub-
orbital track and have a horizontal resolution of ~200–300 
km along-track and ~3–9 km across-track. Vertical reso-
lution of the Aura MLS data is typically ~3–4 km in the 
lower and middle stratosphere (Livesey et al., 2007). O3 
has been used successfully in studies to examine transport 
in the UTLS, although some biases still exist in the ver-
sion 2.2 retrieval used in the evaluations presented here. 
Validation of stratospheric O3 is discussed by Livesey et al. 
(2008). The MLS v2.2 O3 retrieval has an accuracy of 0.02 
ppmv and 0.05 ppmv at 214 hPa and 100 hPa, respectively, 
and a precision of 0.04 ppmv at both levels.

MIPAS

MIPAS is a limb-viewing Fourier transform emission 
spectrometer on board Envisat in a sun-synchronous po-
lar orbit. MIPAS covers the mid-infrared spectral region 

between 685 and 2410 cm-1 (Fischer et al., 2008). MIPAS 
has provided data since 2002 at about 1000 geo-locations 
per day from pole to pole during day and night. MIPAS 
covers the atmosphere from the upper troposphere to the 
mesosphere (6 to 70 km), and provides global distribu-
tions of a large number of species. In its original obser-
vation set-up from July 2002 to March 2004 it measured 
one limb radiance profile every 500 km along track with 
a vertical sampling of 3 km and a spectral resolution of 
0.035 cm-1. Validation of these data products can be found 
in Milz et al. (2005, 2009), Wang et al. (2007), and Steck 
et al. (2007). Since January 2005, the observation set-up 
has been changed to slightly reduced spectral resolution 
(0.0625 cm-1), but improved vertical (1.5 km) and hori-
zontal along-track (400 km) sampling. Description of these 
data products can be found in von Clarmann et al. (2009). 
The accuracy (including contributions of precision and 
systematic errors) of the MIPAS data has been found to be 
9.6% (at 15 km) and 17% (at 10 km) for O3, 4.4% (at 15 
km) and 6.0% (at 10 km) for HNO3, and 17.7% (at 20 km) 
and 8.3% (at 15 km) for H2O, respectively (von Clarmann 
et al., 2009). All data used within this study have been 
processed at the Institute for Meteorology and Climate 
Research (IMK) (von Clarmann et al., 2003).

Figure 7.1: Schematic of the UTLS illustrating the Tropical Tropopause Layer (TTL) extending from the level of 
deep convective outflow, through the level of zero clear-sky radiative heating (Qclr=0) up to the cold point and 
the tropopause (thick blue line). The lower stratospheric (LS) branch of the Brewer-Dobson wave driven circu-
lation is shown by the blue arrows. Faster and seasonally dependent meridional transport between the tropics 
and extra-tropics is found within the 380-420 K layer (black straight arrow). The extra-tropical UTLS contains 
the lowermost stratosphere (LMS) between the 380 K potential temperature surface and the tropopause. Also 
illustrated (in red) is the Extra-tropical Transition Layer (ExTL) which represents a mixing layer in which air has 
partly tropospheric, partly stratospheric chemical characteristics.
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HALOE

We also use water vapour observations from the 
Halogen Occultation Experiment (HALOE) on the UARS 
satellite (Russell III et al., 1993). HALOE H2O observa-
tions have been extensively validated (e.g., Kley et al., 
2000). HALOE validation and a 13-year record (1992-
2004) gives us high confidence in HALOE performance. 
The random and systematic errors in HALOE H2O at 100 
hPa are 11% and 28%, and for O3 14% and 24%, respec-
tively. 

COSMIC

The Global Positioning System (GPS) Radio 
Occultation (RO) data used in this study were obtained 
from the COSMIC (Constellation Observing System for 
Meteorology, Ionosphere, and Climate)/FORMOSAT‐3 
(Formosa Satellite Mission 3) mission, which is a col-
laborative project between Taiwan and the United States 
(Anthes et al., 2008). The mission placed six micro‐satel-
lites in different orbits at 700‐800 km above the ground. 
These satellites form a low‐orbit constellation that receives 
signals from US GPS satellites, providing approximately 
2500‐3000 soundings per day almost evenly distributed 
over the globe. The mission has a relatively short data 
record since its mission launch was only in 2006. In this 
study, we use data between 2006 and 2009.

7.2.4 Meteorological Analyses

Operational meteorological analyses are produced on 
a daily basis by weather forecast centres. These analyses 
(or ‘reanalyses’ if they are produced by consistent forecast 
models over time) are very valuable for model comparison, 
since they provide complete fields that are closely tied to 
observations, but with similar space scales and statistics 
as global models. Here we use analyses from the National 
Center for Environmental Prediction and National Center 
for Atmospheric Research (NCEP) described by Kalnay et 
al. (1996), the NCEP and Department of Energy (NCEP2) 
described by Kanamitsu et al. (2002), the Japanese Re-
Analysis (JRA25) described by Onogi et al. (2007), the 
European Centre for Medium Range Weather Forecasts 
(ECMWF) 40 year reanalysis (ERA-40) described by 
Uppala et al. (2005) and ‘interim’ analysis (ERA-Interim) 
described by Uppala (2008). For information on the differ-
ent reanalyses (ERA-40, NCEP, JRA25) the reader is re-
ferred to Randel et al. (2002) and references therein. A few 
distinct caveats common to reanalyses have to be noted. 
Because of the inhomogeneity of input data, specifically 
the introduction of significant assimilation of satellite ob-
servations starting in the late 1970’s, estimating trends from 
reanalysis systems is difficult, and in general not scientifi-
cally justified across the late-1970’s. Trend analysis since 

the late-1970’s does usually have utility. We will use these 
data to estimate ‘observed’ trends in the UTLS. Second, re-
analysis systems can have systemic biases. Perhaps most 
notable as an example is a significant warm bias to NCEP/
NCAR reanalysis tropopause temperatures, caused by the 
selection of assimilated data (Pawson and Fiorino, 1998). 
Thus, the reanalyses need to be treated with some caution 
(Randel et al., 2002). For comparison purposes with tem-
perature and the tropopause, we will use the ERA-40 rea-
nalysis, because of their high quality and a relatively long 
(20 year) record for comparison.

7.3 Metrics and Grading

Metrics are diagnostics with quantitative grading 
(a ‘grade’) applied, and are used to quantitatively assess 
model behaviour for some of the diagnostics. For exam-
ple, mean values of a certain quantity or the amplitude and 
phase of a seasonal cycle can be used as a metric. We intro-
duce below the two main approaches that were used in this 
chapter to lead from those metrics to a grading of the mod-
els. If a different grading approach is used for a diagnostic, 
it will be explained in the respective sections. Section 7.7 
discusses how these approaches are applied and what val-
ues are ‘acceptable’.

7.3.1 Grading of  Mean and Correlative 
Quantities

Some metrics (e.g., in the tropics for the cold point 
tropopause temperature, water vapor annual cycle and 
tropopause pressure, and in the extra-tropics for the zonal 
mean wind) are defined following Douglass et al. (1999) 
and Waugh and Eyring (2008), with extensions to look at 
variability. Metrics are based on defining monthly means 
after spatial averaging. Douglass et al. (1999) define a met-
ric based on mean differences:

gm = max(0, 1 −                                 ).

Here, μ is a monthly mean quantity and ng a scaling fac-
tor representing a number of standard deviations (σ), often 
taken to be 3 (Waugh and Eyring, 2008). We also define a 
metric based on correlated variability where μ΄ are anoma-
lies from a mean quantity and C is the linear correlation 
coefficient:

gc = (Cor(μʹmod,μʹobs) + 1)/2.

For the analysis here, the correlation is taken on annual 
mean values, and thus reflects correlations of interannual 
variability between a model and observations.

We can also define a metric based on the magnitude 
of the variance of a quantity, where σ is calculated each 

(7.1)

(7.2)

|μobs − μmod|
ngσobs

1
n Σ

i = 0

n
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month:

gv = max(0, 1 −                                 ).

A single metric is then the linear combination: 

Gmod = (gm + gc + gv ) / 3.

This was found to yield reasonable results and encapsu-
late more than just the difference in means. The composite 
grade is designed to better represent uncertainty and forced 
variability. This partly (but not completely or rigorously) 
addresses shortcomings in the application of metrics re-
cently identified by Grewe and Sausen (2009).

We have evaluated grades using several different 
measures of σobs and μobs from different reanalysis systems, 
or using σobs and μobs estimated from an ensemble of reanal-
ysis systems. While the quantitative grades do change, the 
relative grades between models and the spread are robust 
across the different methods examined. For clarity, we will 
report grades against one set of observations, and grade 
other observational data sets against that for some idea 
of the potential spread. We also examine the multi-model 
mean, calculated by summing model outputs to generate 
a multi-model μobs. The multi-model grades and averages 
are also shown. The goal of applying grades is to quanti-
tatively determine model deficiencies with sufficient detail 
to understand where models perform well and why models 
do not perform well.

7.3.2 Taylor Diagram 

Taylor diagrams (Taylor, 2001) are used as an alterna-
tive to the above metrics in the extra-tropics and visualise 
the statistical summary of how well two patterns from a test 
field (f) and a reference field (r) match each other in terms 
of their correlation (R), their root-mean-square (RMS) dif-
ference (E’), and the ratio of their variances (σf / σr). These 
quantities can be used to quantify the correctness of phase 
and amplitude of seasonal cycles, which are often used in 
model-measurement comparisons.

The ratio between the variances of the test and refer-
ence field σf / σr is the normalised variance of the test field 
and given as the radial coordinate in the Taylor diagram. 
It therefore corresponds to the distance between f and the 
origin of the plot (see Figure 7.2).

 The correlation R is defined by

and is given as the azimuthal coordinate in the  Taylor dia-
gram. In principle, R could be negative and represented in 
a Taylor diagram (see Taylor, 2001 for an example). The 

RMS difference is defined by

	
and can be determined once the correlation R and σf / σr are 
known. Smaller E’ represents a better fit between the test 
field and the reference field. Taylor diagrams can be used 
to test various aspects of model performance and to specify 
the relative skill of many different models (Taylor, 2001) 
as for example used in the Houghton et al. (2001) or the 
chemistry transport model inter-comparison by Brunner et 
al. (2003; 2005). The skill factor (S) can be defined using 

	 S =                                 .

Here, σf is the standard deviation of the test field normal-
ised by the standard deviation of the reference field (σf/σr).
R0 is the maximum correlation models can achieve. 
Choosing R0 < 1 allows us to account for uncertainty in the 
observations or model limitations such as spatial and tem-
poral resolution. The skill approaches unity as the model 

Figure 7.2: A sample Taylor diagram. f indicates the 
test or model field, and Ref. (or r) a reference field. 
The inverse cosine of the correlation R between the 
test and reference field (indicated in light blue) de-
termines the location on the azimuthal axis. The ra-
dial distance of f from the origin corresponds to the 
standard deviation of the test field normalised by the 
standard deviation of the reference field (σf / σr, red 
line). The RMS difference (E’, dark blue line) between 
test and reference field is proportional to the distance 
between the two fields on the diagram. Grey thin lines 
indicate the skill score (S) of the test field, which ob-
tains in this example a value of 0.51.
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variance approaches the observed variance (i.e., as σf →1) 
and as R → R0. 

For another illustrative example of how to read a 
Taylor diagram see also Hegglin et al. (2010). Finally, 
Taylor diagrams do not yield information on how close the 
mean of a given test field is to that of the reference field. 
Equation (7.1) is therefore used in addition to the skill to 
grade the simulated mean value (gm). A single grade for a 
model is then the linear combination of the skill and the 
mean: 

Gtot = (S + gm) / 2.

7.4 Results: The Tropical UTLS

The tropical UTLS region is usually known as the 
Tropical Tropopause Layer (TTL). The TTL is the region in 
the tropics within which air has characteristics of both the 
troposphere and the stratosphere. The tropical tropopause 
layer sets the lower boundary condition for the stratosphere 
(Brewer, 1949). Representing the TTL correctly in global 
models is critical for simulating the future of the TTL and 
its effects on climate and chemistry of the stratosphere.

The TTL is the layer in the tropics between the lev-
el of main convective outflow and the cold point, about 
12–19 km (Gettelman and Forster 2002). The TTL has 
also been defined as a shallower layer between 15–19 km 
(Fueglistaler et al., 2009). We will use the deeper definition 
of the TTL here because we seek to understand not just the 
stratosphere, but the tropospheric processes that contribute 
to TTL structure (see below), and it is more representa-
tive of the tropical UTLS. The TTL is maintained by the 
interaction of convective transport, convectively generated 
waves, radiation, cloud microphysics and the large-scale 
stratospheric circulation. The TTL is the source region for 
most air entering the stratosphere, and therefore the chemi-
cal boundary conditions of the stratosphere are set in the 
TTL. Clouds in the TTL, both thin cirrus clouds and con-
vective anvils, have a significant impact on the radiation 
balance (Gettelman et al., 2004; Corti et al., 2006). 

Here we will explore the representation of the TTL 
in global models, and assess potential changes to the TTL 
over time in Section 7.6.2.

Detailed Description of Tropical Diagnostics

The following diagnostics also have quantitative 
metrics defined as noted in Section 7.3. We set ng = 3 (3σ 
threshold) for temperature and water vapour, and set the 
grading threshold (3σng) to 10 hPa for tropopause pressure, 
because it represents 1 CCMVal-2 level around the tropo-
pause.

•  Diagnostic 1: Temperature of the Cold Point Tro-

popause (Amplitude and Phase of Annual Cycle): 
It is critical that models reproduce the amplitude 
and phase of the annual cycle of Temperature at the 
Cold Point Tropopause (TCPT), the coldest point in 
a UTLS profile. Because of the non-linearity of the 
Clausius-Clapeyron equation regulating water vapour 
saturation, the annual cycle is as important as the an-
nual mean. This is a simplified metric of the true ‘La-
grangian Cold Point’, which we can examine in only 
a few models.

•  Diagnostic 2: Tropopause Pressure: Lapse rate tropo-
pause pressure (PTP) and its interannual variability 
should reflect the interannual variability in the ob-
servations. In particular, responses to major forcing 
events (e.g., ENSO and volcanoes) should resemble 
observations. Anomalies of PTP have been shown 
to be more robust (i.e., there is better agreement be-
tween observations) than tropopause temperature 
(Gettelman et al., 2009). Simulated anomalies can be 
compared to reanalysis and radiosonde observations. 
A metric for this diagnostic is the correlation with in-
terannual anomalies and the mean values from reanal-
ysis systems in similar coordinates. A measure of the 
uncertainty is the variability of the grade of reanalysis 
systems compared to each other, which gives a sense 
of the unforced variation between analysis models.

•  Diagnostic 3: Water vapour above the CPT (80 hPa): 
In conjunction with the CPT, the water vapour con-
centration above the CPT is the dominant term in 
the total hydrogen budget of the stratosphere. Mod-
els should simulate appropriately the annual cycle of 
the water vapour concentration in the lower tropical 
stratosphere, and its interannual variability.

•  Diagnostic 4: Ozone in the TTL: Ozone in the TTL is 
affected by both transport and chemistry. TTL ozone 
is an important indicator of TTL processes. Models 
should represent the vertical structure of ozone and its 
annual cycle. The ozone concentration at a fixed level 
in the TTL (100 hPa) is used as a proxy for the ozone 
gradient. Ozone is also radiatively important in the 
TTL, and thus important for getting the thermal struc-
ture correct. Since ozone is chemically produced in 
the TTL by various processes, it is also an integrated 
measure of TTL chemistry processes and TTL trans-
port time. Differences in ozone may be due to differ-
ent chemical processes (for example NOx production 
by lightning), which may or may not be present in a 
given model, but this needs to be understood.

Diagnostics not used as quantitative metrics in the 
overall model assessment

These diagnostics are not used as quantitative met-
rics because they either do not yet have clear and robust 

(7.8)
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quantitative relevance that fits the grading methodology 
(Diagnostics 5 and 8), or are not produced for a large frac-
tion of the models (Diagnostics 6 and 7). 

•  Diagnostic 5: H2O Correlations with TCPT: H2O at 80 
hPa and TCPT can be combined by translating TCPT 
into water vapour by a saturation vapour mixing ra-
tio. There should be a correlation between H2O and 
TCPT. This can also be expressed as the saturation 
vapour mixing ratio of the CPT (QSAT(TCPT)) and the 
ratio H2O /QSAT(TCPT)  should reflect physical mixing 
processes (e.g., H2O /QSAT(TCPT) > 1 is physically im-
plausible based on observations). Monthly anomalies 
with a 1 month lag or interannual anomalies can also 
be compared.

•  Diagnostic 6: Tropical Waves: The structures seen in 
transport times, chemistry and water vapour are not 
just consequences of large-scale processes on zonal 
or monthly scales. Waves and intra-seasonal variabil-
ity in the TTL are critical for properly representing 
structures in the TTL. Here we use detailed high-res-
olution information to examine intra-seasonal vari-
ability and wave modes in a subset of models that 
provided high temporal frequency output (every 6 
hours). Wave activity metrics are defined, but only a 
few models are analysed.

•  Diagnostic 7: TTL transport time:  The transport time 
through the TTL is a complex, emergent diagnostic 
reflecting a mix of transport processes, including 
large-scale advection by radiation and waves, as well 
as rapid convective motion in the vertical. Represent-
ing the transport time through the TTL is critically 
important for short-lived species, whose lifetimes 
are less than a small multiple of the transport time.  
Several studies have attempted to assess the trans-
port time, and here we will use Lagrangian trajectory 
studies to estimate transport times from a subset of 
models with high temporal resolution output to drive 
a trajectory model, and compare them to similar cal-
culations with a reanalysis system.

•  Diagnostic 8: Tropopause Inversion Layer: The Tro-
popause Inversion Layer (TIL) is a layer exhibiting 
an increase in the static stability that occurs just above 
the tropopause (Birner, 2006). The TIL provides an 
integrated look at the dynamical structure of the TTL 
in the vertical. It not only shows the separation be-
tween the stratosphere and troposphere, but also pro-
vides insights into the correct dynamical results of 
convection in the upper troposphere, and transport 
and dynamics in the lower stratosphere. The static 
stability structure is sensitive to the radiative balance 
of the TTL, and hence transport of H2O and O3, as 
well as large-scale dynamics. Here we analyse the 
TIL in models that provided 3D instantaneous output.

7.4.1. Cold Point Tropopause Temperature

The TCPT is analysed from models and reanalyses 
vertically interpolated to CCMVal-2 levels. This provides 
a slightly blurred picture of the true cold point relevant for 
H2O condensation experienced by a simulated air parcel, 
but it is a useful baseline for comparisons. The annual cycle 
of tropical cold point temperature (or cold point tropopause 
temperature) is illustrated in Figure 7.3 using the REF-B1 
CCMVal-2 model fields. In addition to the models, several 
analysis systems are also shown (ERA-40, NCEP, NCEP2, 
JRA25, ERA-Interim). All analyses use monthly means 
interpolated to CCMVal-2 standard levels, so the models 
and analyses systems are on the same temporal and verti-
cal grids. The gray region is 3 standard deviations (σ) from 
the ERA-40 observations. In general, almost all models are 
able to reproduce the annual cycle. There are significant 
differences between the models, but the monthly averages 
of 8 models and the multi-model mean are clustered with-
in 3σ of the mean of ERA-40, as seen in the quantitative 
grades (gm) in Figure 7.3. The quantitative metrics of the 
cold point are based on Equation (7.4). ERA-40 is taken as 
the base observation for the mean (μobs) and the standard 
deviation (σobs). The reanalyses themselves do not all com-
pare well (i.e., score highly) compared to ERA-40, largely 
due to the warm bias of NCEP, and lack of correlated inter-
annual variability.

The multi-model mean is very close to ERA-40, clos-
er than some other analysis systems. These results are also 
better than CCMVal-1 models reported by Gettelman et al. 
(2009). Note that there is general quantitative agreement 
between the reanalyses, with ‘grades’ (compared to ERA-
40) ranging from 0.6-0.8 (Figure 7.3). This is largely due 
to mean offsets between the analysis systems, the ampli-
tude and phase of the annual cycle are in good agreement. 
NCEP and NCEP2 have a known warm bias (Pawson and 
Fiorino, 1998).

Most models do not show strong long-term trends in 
cold point temperatures, as indicated in Figure 7.4. NCEP 
and NCEP-2 reanalyses show strong cooling, which is not 
seen in the ERA-40, JRA25 and ERA-Interim analyses, 
as noted by Zhou et al. (2001). Note that these trends dif-
fer from other cooling trends reported from radiosondes 
(Gettelman and Forster, 2002; Seidel and Randel, 2006). 
This may be due to the gridding and interpolation to a 
standard set of vertical levels. Thus, if there is cooling of 
the cold point, it is not clear that this appears significantly 
in coarse resolution analyses. However, the lack of agree-
ment among observations highlights the uncertainty in in-
terannual and long-term changes in the TCPT.

Interannual variability is also illustrated in Figure 
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7.4. Most models show significant warming of the cold 
point in 1991 of a degree or so, likely associated with the 
eruption of Mt. Pinatubo. Most models and the multi-mod-
el mean show warming of the TCPT after volcanic events 
(especially El Chichón in 1983 and Mt. Pinatubo in 1991). 
This warming is not as clear in analysis systems. Some 
models have a warming that is much too large (CNRM-
ACM, NiwaSOCOL, SOCOL, MRI). This is factored into 
the metrics for variability (gv) as described above. Models 
with large variability will have a lower score on the gv 
metric component (Figure 7.3). Also, the effect of the El-
Niño Southern Oscillation (ENSO) and the Quasi-Biennial 
Oscillation (QBO) on the tropical tropopause (Zhou et al., 
2001) are not clear in these low vertical resolution anal-
yses. Interannual anomalies are not correlated between 
models and analyses, or between analyses themselves.

7.4.2 Lapse Rate Tropopause Pressure 

The pressure of the lapse rate tropopause (PTP) has 
been shown to be a more robust metric than the cold point 

temperature (Gettelman et al., 2009).  PTP is more sensi-
tive to increasing thickness (vertically integrated tempera-
ture) below, and the temperature response is a more verti-
cally confined. It is easier to get bulk thickness (latent heat 
release) right than TCPT details. This is evidenced by a 
high (0.8-0.9 or 1) correlation (gc) among most analysis 
systems compared to ERA-40 (Figure 7.6). Grades are de-
termined based on Equation (7.4). The meridional structure 
of tropopause pressure from models and analysis systems 
is shown in Figure 7.5. The models all broadly reproduce 
the observed tropopause structure. There are some differ-
ences in the pressure of the tropical tropopause, which all 
analysis systems place at the 90 hPa level (when interpolat-
ed to CCMVal levels). Several models shift the tropopause 
up or down by a level. There are large differences, howev-
er, in the diagnosed tropopause at high latitudes, again due 
to potential shifts by a level or so in the thermal structure. 
CCMVal-2 levels are noted on Figure 7.5

Long-term changes in the tropopause pressure from 
20°S-20°N are shown in Figure 7.6. There is good agree-
ment between the interannual anomalies of most of the 
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models, as well as trends in tropopause pressure. The simu-
lated variability in models is higher than the observations. 
Most models and analysis systems show decreases in tro-
popause pressure associated with volcanic events, though 
model variability is larger. In particular, it is too large 
for CNRM-ACM, which jumps 2 levels (90 to 115hPa).  
Metrics for tropopause pressure indicate a high degree of 
consistency among the analysis systems as noted above. 
CCMVal models can broadly reproduce trends and vari-
ability, but with too much variance. 

7.4.3 Transport in the TTL

Lagrangian trajectory studies are established tools for 

studying transport processes in the tropical tropopause, and 
in particular the transport from the troposphere to the strat-
osphere (e.g., Hatsushika and Yamazaki, 2003, Bonazzola 
and Haynes, 2004, Fueglistaler et al., 2004). Stratospheric 
water vapour is strongly correlated with the Lagrangian 
Cold Point (Fueglistaler et al., 2005). We analyse the min-
imum temperature (Tmin) and TTL residence time of two 
CCMVal-2 models, CMAM and E39CA and compare them 
to ERA-40 following the methodology of Kremser et al. 
(2009). These models provided the necessary instantane-
ous 6-hourly fields of temperature, winds and heating rates 
needed to perform the calculation. Two sets of Tmin calcula-
tions were performed using ERA-40. A ‘standard’ calcula-
tion used 3D winds, and a diabatic calculation used verti-
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cal winds based on heating rates following Wohltmann and 
Rex (2008). The latter set of calculations (using diabatic 
calculations) is referred to as the ‘reference’ calculation. 

The trajectories were analysed to determine the geo-
graphical distribution of points where individual air masses 
encounter their minimum temperature (Tmin) and thus mini-
mum water vapour mixing ratio (referred to as dehydration 
points) during their ascent through the TTL into the strato-
sphere. In addition, the residence times of air parcels in the 
TTL were derived.

For all years analysed, both CCMs have a warm bias 
in the temperatures of the dehydration points of about 6 
K (E39CA) and 8 K (CMAM) in NH winter, and about 2 
K (E39CA) and 4 K (CMAM) in NH summer compared 
to the ERA-40 reference calculation. This is not the same 
as the temperature bias in the models (Figure 7.3). The 
Eulerian mean tropical T is about 3 K low for E39CA and 
1 K high for CMAM. Thus, the overall degree of dehydra-
tion during transport of air into the stratosphere should be 
significantly too low, a known shortcoming of simulations 
with CCMs (Eyring et al., 2006). The reasons for the warm 
bias are probably deficiencies in transport, given differ-

ences from the model Eulerian TCPT.
Figure 7.7 shows that the overall geographical dis-

tribution of dehydration points in the simulation based on 
ERA-40 data are fairly well reproduced by both CCMs in 
NH winter 1995-1996. This suggests that the geographi-
cal distribution of dehydration points in winter is fairly ro-
bust. A closer look at the figure reveals that in E39CA, the 
region of the main water vapour flux is shifted eastwards 
compared to ERA-40 and the model shows excessive water 
vapour transport through warm regions over Africa. The 
CMAM model compares very well with the reference cal-
culations, and if anything slightly overestimates the water 
vapour transport over the warm regions of South America. 
These overestimates in warm regions, however, are suffi-
cient to create a significant warm bias to the Lagrangian 
cold point estimates.

In NH summer for 1996, the reference calculations 
show that the water vapour transport into the stratosphere 
is clearly dominated by the Indian monsoon and down-
wind regions (not shown), similar to Fueglistaler et al. 
(2005). This result is largely reproduced by the CMAM 
model, which also reproduces the location of this feature 
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nicely. But the water vapour flux through the warm region 
over Africa is overestimated. In E39CA, the impact of the 
Indian monsoon is not well reproduced, and dehydration 
in NH summer for 1996 occurs mostly over the central 
Pacific rather than over India and the westernmost Pacific.

The residence times in the upper part of the TTL (θ = 
385–395 K) were derived from the trajectory calculations 
to examine the time scales of transport processes through 
the TTL. The residence time is a key parameter for chemi-
cal transformation of air before it gets into the stratosphere. 
Figure 7.8 shows histograms of the probability density 
function (PDF) of the residence times obtained from the 
calculations in the upper part of the TTL for NH winter 
1995-1996 and NH summer 1996. 

Figure 7.8 indicates that on average the reference tra-
jectories stay a few days longer in the upper part of the TTL 
than the kinematic trajectories, except in NH winter, where 
the kinematic trajectories calculated with the CMAM data 
on average stay longer in the TTL than the reference tra-
jectories. In the latter case more kinematic trajectories stay 
longer than 10 days in the upper part of the TTL than in the 
reference calculations. The difference between the refer-
ence trajectories and the kinematic trajectories is most pro-
nounced based on ERA-40 data, which is consistent with 
the notion of Schoeberl et al. (2003) that assimilation mod-
els tends to produce noisier vertical wind fields than free 
running GCMs. The most important difference between 
the different panels is the shape of the PDF. The majority 
of the reference trajectories reside 9-10 days in the upper 
TTL before they leave this layer. Only very few air masses 

pass through this layer in less than 5 days. In contrast, for 
transport that is based on vertical winds (i.e., the transport 
in the CCMs) more trajectories reside 0-5 days in this layer 
than in the reference calculations, in particular the calcula-
tions based on E39CA data result in residence times that 
are shorter than 5 days for the majority of the trajectories. 
The percentage of kinematic trajectories based on CMAM 
data that reside longer than 10 days in the upper part of the 
TTL is higher than in the reference for both NH winter and 
NH summer. This is a crucial influence on the transport of 
short-lived chemical species through the TTL. In E39CA, 
more short-lived compounds should be able to reach the 
stratosphere chemically unaltered compared to CMAM 
and the reference calculation. 

The seasonal cycle of the residence time (with slower 
ascent and longer residence times in NH summer) is repre-
sented in the reference calculations (solid bars compared to 
lines). This is expected from the seasonal variation of the 
Brewer-Dobson circulation. Both CCMs fail to reproduce 
the seasonal variation of ascent rates through the TTL.

7.4.4 Ozone 

The annual cycle of ozone at 100 hPa in the tropics 
is illustrated in Figure 7.9. The annual cycle of O3 near 
the tropical tropopause is determined by chemical produc-
tion, vertical transport, and any mixing with stratospheric 
air from higher latitudes that contains more ozone. Air 
with higher ozone is likely to have either (a) ascended 
more slowly or (b) mixed with more high-latitude air. The 
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seasonal cycle reflects these processes (chemical produc-
tion and transport). Ozone is compared to the combined 
and processed NIWA observational data set (Hassler et al., 
2008), and grades are based on the annual cycle, variance 
and anomalies for this data set. Most models reproduce 
the phase of the annual cycle of ozone correctly in the 
tropics. Two models (UMSLIMCAT and CNRM-ACM) 
have a significantly different annual cycle of ozone. Many 
models have lower amplitude (and mean), while ULAQ, 
UMUKCA-METO and UMUKCA-UCAM have higher 
amplitude (and mean), indicating perhaps slow transport 
times in the TTL.

7.4.5 Water Vapour 

Water vapour in the lower stratosphere is critical for 
the chemistry and climate of the stratosphere, affecting 
both stratospheric chemistry by regulating total hydrogen 
as well as affecting UTLS temperatures through the rada-
tive impact of water vapour (Kley et al., 2000). Thus repro-
ducing the transport of water vapour through the tropical 
tropopause is a critical requirement of CCMs in the TTL. 
Representing the appropriate relationships between cold 
point temperature and water vapour is also critical, as it 
requires the appropriate representation of processes that 
regulate water vapour, at least at the large scale. 

Figure 7.10 presents the annual cycle of water va-
pour from CCMs and HALOE in the lower stratosphere 
just above the TTL and the cold point (80 hPa). As pointed 

out by Mote et al. (1996), this is the entry point or ‘record-
ing head’ of the stratospheric ‘tape recorder’ circulation. 
The transport associated with this circulation is discussed 
in Chapter 5. Here we focus on the entry point. Most mod-
els are able to reproduce the annual cycle of water vapour, 
with a minimum in NH spring and a maximum in NH fall 
and winter. There is a wide spread in the ‘entry’ value of 
water vapour at this level: from 2-6 ppmv, with observa-
tions from HALOE closer to 3-4 ppmv. The uncertainties 
in HALOE observations are discussed in detail in Kley et 
al. (2000), but are less than ±20% at this level. The shading 
indicates 3σ interannual variability, but is similar to this 
20% range. These results are slightly better than CCMVal-1 
models (Gettelman et al., 2009) due to a tighter cold point 
temperature range (Figure 7.3). The multi-model mean in-
dicates that most models shift the water vapour minimum 
at 80hPa 1-2 months too early. The UMUKCA models fix 
water vapour in the stratosphere and are not shown. E39CA 
has too much H2O, consistent with a Lagrangian CPT high-
er than ERA-40 (Section 7.4.3), but CMAM has too little 
H2O, despite also having a higher Lagrangian TCPT.

Some models are clearly outside this range, and 
some have annual cycles that are shifted more than one 
month, indicating potential problems in transport and de-
hydration processes. The outliers include MRI (high H2O), 
CNRM-ACM (high H2O), LMDZrepro (low H2O), and 
UMETRAC, with virtually no annual cycle (which may be 
an analysis or data set problem).

Another method of examining the dehydration proc-

Figure 7.8: NH winter 1995-1996 and NH summer 1996. Residence time for the trajectories in the upper part 
of the TTL (385-395 K) for ERA-40, using heating rates as the vertical velocity (top left), ERA-40 using vertical 
wind as the vertical velocity (bottom left), CMAM (top right), and E39CA (bottom right). JJA solid red, DJF blue 
outline. Dotted vertical lines indicate the mean residence time.
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Figure 7.9: (Above): Annual cycle of tropical (20°S-20°N) ozone mixing ratio from models and observations. 
Output and observations are from the period 1980-1999. Gray shaded region is 3σ variability from NIWA obser-
vational data set (dashed brown line). (Below): Quantitative metrics summary of 100hPa Ozone for mean (GM), 
correlation (GC), variance (GV) and the average of all three grades (GSUM). 
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Figure 7.10: (Above): Annual cycle of tropical (20°S-20°N) water vapour at 80 hPa from models and observa-
tions. Output from the period 1992-2004. Gray shaded region is 3σ variability from HALOE observations over 
1992-2004 (brown dashed line). (Below): Quantitative metrics summary of 80hPa H2O for mean (GM), correla-
tion (GC), variance (GV) and the average of all three grades (GSUM). 
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ess is to look at the relationship between cold point tem-
perature and water vapour just above it. This is a broad 
way of understanding integrated TTL transport and dehy-
dration in the absence of data for offline Lagrangian cold 
point calculations as in Section 7.4.3. The TCPT regulates 
H2O (Brewer, 1949), so the relationship can be analysed by 
looking at the ratio of water vapour to the saturation vapour 
mixing ratio at the cold point (QSAT(CPT)). An update of 
this relationship, shown in Gettelman et al. (2009), is pre-
sented in Figure 7.11. For example, the minimum ERA-40 
TCPT (Figure 7.11) is about 192 K, which corresponds at 
80 hPa to a QSAT of 5.5 ppmv.

Note that the UMUKCA models have very high cold 
point temperatures (consistent with high ozone at 100hPa 
and slow transport times), so their water vapour was fixed 
(and they are not shown).  The results indicate that most of 
the models cluster, similar to the observations (H2O from 
HALOE and CPT from ERA-40), near a line that would 
imply 70% saturation with constant temperatures and 
transport (which is not the case, hence H2O is less than 
implied by TCPT). Three models are near the 1:1 line. 
MRI is higher than the 1:1 line due to ice-supersaturation 
permitted in the model. However, three models (CNRM-
ACM, CCSRNIES and UMETRAC) have significantly 
more water vapour than would seem to be justified by their 
temperatures. This indicates potential problems in funda-
mental transport, variability and/or condensation processes 
in the TTL. This is also clear from Figure 7.10.

7.4.6 Intra-seasonal Variability/ Waves

There exists significant sub-seasonal variability in 

temperature and other parameters around the tropical tro-
popause (e.g., Tsuda et al., 1994; Fujiwara et al., 2009). 
This is due to equatorial waves, intra-seasonal oscillations 
(ISOs), and other disturbances that are generated by tropi-
cal organised convection (e.g., Fujiwara and Takahashi, 
2001; Suzuki and Shiotani, 2008). Also, the climatologi-
cal temperature distribution around the tropical tropopause 
is in part determined by quasi-stationary disturbances 
(Highwood and Hoskins, 1998). Therefore, appropriate 
representation of tropical convection and tropical dis-
turbances is crucial even for stratospheric models, since 
waves help determine the coldest temperatures, and may 
affect dehydration in the TTL. For example, with the same 
minimum Qsat in Figure 7.11, larger wave driven tempera-
ture variance would reduce H2O. In this section, the wave 
activity in temperature at 100 hPa in the tropics is pre-
sented for five reanalysis data sets (ERA-40, ERA-Interim, 
JRA25, NCEP/NCAR (NCEP1), and NCEP-DEO AMIP-
II (NCEP2)), and for four CCMs that produced high time 
frequency winds and temperatures (CCSRNIES, CMAM, 
MRI, and WACCM), using a zonal-wavenumber-frequen-
cy spectral analysis. 

All five reanalysis data sets are output four times dai-
ly, at a horizontal resolution of 2.5˚ for ERA-40, NCEP1, 
and NCEP2, 1.5° for ERA-Interim, and 1.25° for JRA25. 
CCSRNIES and MRI data are output daily (daily average) 
at ~2.8° resolution, CMAM data is output four times daily 
at ~5.6°, and WACCM data is output four times daily at 
2.5° by ~1.895°. All data are available for the period be-
tween January 1990 and February 2000. All CCM outputs 
are from the REF-B1 experiment with observed SSTs. 

Figures 7.12 and 7.13 show the zonal-wavenumber-
frequency spectrum of temperature at 100 hPa within 
~15°N to ~15°S for ERA-40, NCEP1, and four CCMs, for 
symmetric and antisymmetric components, respectively. 
Analysis is made for several overlapping 92-day segments 
for all seasons between January 1990 and February 2000. 
The spectral calculations include a symmetric-antisymmet-
ric decomposition (Wheeler and Kiladis������������������, ����������������1999). The spec-
trum shown here is normalised by the variance of the origi-
nal data, and thus the power spectral density is averaged 
over the latitude region and the period. The background 
red-noise spectra, against which the statistical significance 
is evaluated, are estimated for symmetric and antisym-
metric components separately (in frequency only) using 
the auto-regressive-process method (Gilman et al., 1963). 
Also shown are dispersion curves for theoretical equatorial 
waves (Matsuno, 1966). Features commonly observed in 
all data sets are equatorial Kelvin waves (Figure 7.12) and 
mixed Rossby gravity (MRG) waves (Figure 7.13). ISOs, 
at frequencies smaller than 0.05 cycle per day, are mostly 
not statistically significant with respect to the background 
spectra estimated here; however, the largest power is found 
in these regions. 
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Figure 7.12: Zonal-wavenumber-frequency spectrum of temperature at 100 hPa within 15°N-15°S for all sea-
sons between Jan 1990 and Feb 2000 for the symmetric component for ERA-40, NCEP1, CCSRNIES, CMAM, 
MRI, and WACCM. Contours show the log10 of power spectral density (interval 0.2). Regions where the ratio to 
the estimated background spectrum is >1.5 are coloured gray. Dotted curves show the wave dispersion rela-
tion at equivalent depth, h=8, 70, and 240 m for Kelvin waves (positive wavenumbers) and equatorial Rossby 
waves (negative wavenumbers). The dispersion relation for meridional-mode-number n=1 inertio-gravity waves 
with h=8 spans all wavenumbers.
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Table 7.2 summarizes the activity for equatorial 
Kelvin waves, MRG waves, and symmetric eastward-mov-
ing ISO. For Kelvin waves, the activity is defined as the 

integration of power spectral density in the region, zonal 
wavenumber, s = 1 to 10, frequency, f = 0.05 to 0.5 cycles 
per day, equivalent depth, h = 8 to 240 m, and the ratio 

ERA40 T(100 hPa, 15N-15S) NCEP1 T(100 hPa, 15N-15S)

CCSRNIES T(100 hPa, 15.3N-15.3S) CMAM T(100 hPa, 13.8N-13.8S)

MRI T(100 hPa, 15.3N-15.3S) WACCM T(100 hPa, 14.2N-14.2S)
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Figure 7.13: Same as Figure 7.12 but for the antisymmetric component. Dotted curves show the wave dis-
persion relation at h = 8, 70, and 240 m for mixed Rossby gravity waves (negative wavenumbers) and n=0 
eastward-moving inertio-gravity waves (positive wavenumbers).
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to the estimated background spectrum ≥ 1.5. For MRG 
waves, the activity is defined as the integration in the re-
gion, s = -10 to 0, f = 0.1 to 0.5 cycles per day, h = 8 to 70 
m, and the ratio ≥ 1.5. For the ISO, the activity is defined as 
the integration in the region, s = 1 to 5, and f = 0 to 0.05; the 
ratio (the statistical significance) is not considered. Thus, 
the ISO activity shown here is the upper limit. The activity 
is then divided by the average activity for five reanalysis 
data sets for each wave/oscillation. 

Results indicate that the five reanalysis data sets 
have very different wave activities. Fujiwara et al. (2009) 
note that the Kelvin wave amplitudes in the analyses are 
lower than observed. The Kelvin and MRG wave activi-
ties in the ERA reanalyses are 2-3 times greater than those 
in the  NCEP reanalyses; those in JRA25 are close to the 
average. The ISO activity (the upper limit) is rather similar 
for the five reanalysis data sets. The wave activities in the 
four CCMs are generally within the range of those in the 
reanalysis data. WACCM shows the greatest Kelvin and 
MRG wave activities, which are comparable to those in the 
ERA reanalyses. CCSRNIES shows the smallest Kelvin 
wave activity, and MRI shows the smallest MRG activity. 
The ISO activity in the CCMs is greater than that in the 
five reanalysis data sets except for CCSRNIES. Thus the 
lower range of wave activities is probably too low in these 
models. The calculation does not explicitly include gravity 
waves, which may also have significant contributions to 
temperature variance and dehydration in the TTL.

7.4.7 Vertical Thermal Structure

Recent studies using high-resolution radiosonde data 

have revealed the presence of a temperature inversion 
layer, typically a few kilometers deep, located right above 
the tropopause (Birner et al., 2002; Birner, 2006; Bell and 
Geller, 2008). This so-called “tropopause inversion layer” 
(TIL) is also characterized by a sharp and strong buoy-
ancy frequency (N2=-g/θ dθ/dz) maximum. The buoyan-
cy frequency is also called the Brunt-Väisälä frequency. 
The presence of the TIL has been further confirmed by the 
Global Positional System (GPS) Radio Occultation (RO) 
data (Randel et al., 2007; Grise et al., 2009); these inde-
pendent measurements have shown that the TIL is present 
almost everywhere from the deep tropics to the pole in both 
hemispheres (Figures. 7.14a, d). Although the formation 
and maintenance mechanisms of the TIL remain to be de-
termined, its presence has potentially important implica-
tions for the cross-tropopause exchanges of passive tracers/
water vapour and for the dynamical coupling between the 
stratosphere and troposphere.

The zonal-mean structure of the TIL, simulated by 
REF-B1 integrations for 9 models with available instanta-
neous data, is examined and compared with observations. 
The observed TIL is derived from the COSMIC GPS RO 
data set (Anthes et al., 2008).

All analyses are performed on the log-pressure coor-
dinate with tropopause pressure (pTRP) as a reference level: 
i.e., z =H ln (p/pTRP) where H is a scale height of 8 km. Note 
that the conventional log-pressure coordinate uses surface 
pressure for a reference level. At each model grid point 
(or GPS RO profile) tropopause pressure is first computed 
using the WMO definition of lapse-rate tropopause. The 
instantaneous fields of interest, such as temperature and 
N2, are then interpolated onto the tropopause-based z co-
ordinate using a log-pressure linear interpolation, and are 
averaged over longitudes for December-January-February 
(DJF) and June-July-August (JJA). Resulting seasonally-
averaged fields in each model are finally interpolated onto 
5-degree interval latitudes to construct multi-model mean 
fields. The COSMIC data are also binned into 5-degree in-
tervals in latitudes. 

The observed TIL is computed using both data at full 
(or raw) levels (Figure 7.14a, d) and data only at CCMVal-2 
standard levels (Figure 7.14b, e). CCMVal-2 UTLS stand-
ard levels are shown in Figure 7.5. Degraded observations 
reduce uncertainties associated with model vertical resolu-
tion, and allow a more direct comparison of the simulated 
TIL with observations.

The analysis results for the average of 9 models are 
summarized in Figure 7.14 in terms of N2. We first describe 
the TIL in the observations. As shown in Figures 7.14a, 
d, sharp maxima of N2, located just above the tropopause 
(z = 0), are distinct in the extra-tropics. They are gener-
ally stronger in the summer hemisphere than in the winter 
hemisphere, but have no hemispheric difference: i.e., the 
N2 distribution in the NH summer is quantitatively similar 

Table 7.2: The wave activity for equatorial Kelvin 
waves, mixed Rossby gravity (MRG) waves, and 
symmetric eastward-moving ISO for five reanalysis 
and four CCM data sets, with respect to the average 
value for the five reanalysis data sets (0.184 K2 for 
Kelvin waves, 0.0311 K2 for MRG waves, and 0.209 
K2 for the ISO).

Kelvin 
waves

MRG 
waves

ISO

ERA-40 1.46 1.21 1.10
ERA-Interim 1.48 1.28 1.03
JRA25 1.12 0.997 1.22
NCEP1 0.524 0.826 0.859
NCEP2 0.421 0.684 0.786
CCSRNIES 0.344 0.416 0.716
CMAM 1.22 0.799 1.34
MRI 1.04 0.234 1.50
WACCM 1.44 1.43 1.31
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to the one in the SH summer. In contrast, the tropical N2 
profile is only weakly sensitive to season. This is consist-
ent with previous findings (Randel et al., 2007; Grise et 
al., 2009). 

Figures 7.14b, e show the N2 distribution for degrad-
ed GPS RO data. Maximum values of N2 are substantially 
weakened. In addition, their locations are somewhat higher 
than those in the raw data. This strong sensitivity is not 
surprising as both tropopause pressure and temperature, 

which directly affect the sharpness of the TIL (Bell and 
Geller, 2008), are under-estimated in coarse resolution 
GPS RO data.

The above results suggest that the CCMVal-2 models 
may not be able to reproduce a quantitative structure of the 
observed TIL, simply because of coarse resolution in the 
vertical. Data to perform the TIL analysis was not available 
for the two highest vertical resolution models (E39CA and 
EMAC). The simulated TIL (Figures. 7.14c, f) is gener-

Figure 7.14: Zonally-averaged N2 (×104) as a function of latitudes and log-pressure height on the tropopause 
based coordinate: (top) COSMIC/FORMOSAT-3 GPS RO data, (middle) COSMIC GPS RO data using only 
CCMVal-2 standard pressure levels, and (bottom) composite of 9 REF-B1 model integrations. Two seasons are 
shown separately: (left) December-January-February and (right) June-July-August. Contour intervals are 0.5 
s-2, and values greater than or equal to 5.5 s-2 are shaded. Note that zero in y-axis denotes the location of the 
tropopause.
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ally weaker and broader than observed using full resolution 
data (Figures. 7.14a, d). The simulations do look more like 
estimates from the observations using CCMVal vertical 
resolution.  (Figures 7.14b, e). Analysis of higher vertical 
resolution runs from WACCM with 300 m vertical resolu-
tion in the UTLS (WACCM-highres) does indicate that at a 
higher vertical resolution this model has an increased peak 
N2 near the tropopause in better agreement with GPS RO 
observations (Figure 7.15, also Figure 7.19).

Figure 7.15 illustrates profiles of N2 from GPS RO 
observations and simulations in the tropics for 2 seasons 
from 9 models and WACCM-highres. The CCMVal-2 
models under-estimate N2 in the troposphere and misplace 
the tropical temperature inversion layer. Simulated N2 in 
the tropical lower stratosphere is also much larger than 
observed by GPS RO, even at degraded resolution. The 
difference from observations might be caused by under-
estimated adiabatic cooling from tropical upwelling and/
or radiative cooling associated with lower stratospheric 
H2O. Note that WACCM-highres has a larger and sharper 
peak in N2, and the peak is closer to the tropopause than the 
standard resolution WACCM. In addition, two of the low-
er vertical resolution models analysed (CCSRNIES and 
SOCOL) have very broad TIL structures. The discussion 
on the extra-tropical TIL is continued in Section 7.5.1.4.

7.5 The Extra-tropical UTLS

The extra-tropical UTLS is here defined as the region 
between the free troposphere (6-8 km) and the upper bound-
ary of the tropically controlled transition region (around 
22 km, Rosenlof et al., 1997) as illustrated in Figure 7.1. 
It includes the Lowermost Stratosphere (LMS), the region 
between the extra-tropical tropopause and the 380 K po-

tential temperature surface (Holton et al., 1995). One main 
characteristic of the LMS is that isentropes intersect the 
tropopause, thereby potentially connecting the troposphere 
and the stratosphere via rapid adiabatic motion. The slow-
er diabatic circulation is predominantly downward in the 
LMS, which on its own would transport aged stratospheric 
air into this region. However, meridional mixing from the 
tropical UTLS transports younger air masses to mid- and 
high latitudes and ‘rejuvenates’ air as it slowly descends 
into the LMS (Rosenlof et al., 1997; Bregman et al., 2000; 
Hegglin and Shepherd, 2007), an effect quantified by Hoor 
et al. (2005) and Bönisch et al. (2009) based on SPURT 
aircraft data, and Levine et al. (2007, 2008) using opera-
tional analyses of the European Centre for Medium-range 
Weather Forecasts (ECMWF). The lower boundary of the 
LMS is defined by the tropopause. Distributions of chemi-
cal tracers that are affected by transport exhibit strong spa-
tial gradients across the tropopause in a layer of finite depth 
referred to as the Extra-tropical Tropopause Transition 
Layer (ExTL) (Fischer et al., 2000; Zahn et al., 2000; Hoor 
et al., 2002, 2004; Pan et al., 2004). The ExTL is a global 
feature with increasing depth towards high latitudes, and 
has been found to be different for different tracers (Hegglin 
et al., 2009). The ExTL chemical transition has been in-
terpreted as the result of recurrent wave-breaking events, 
forced by synoptic-scale baroclinic disturbances, which 
bring tropospheric and stratospheric air masses with very 
different chemical and radiative characteristics into close 
proximity (Shepherd, 2007). Indeed, Berthet et al. (2007) 
found an analogue of the ExTL using large-scale trajecto-
ries driven by ECMWF wind fields. Small-scale processes 
such as three-dimensional turbulence and ultimately mo-
lecular diffusion then act to reduce the gradients produced 
in the tracer fields (Hegglin et al., 2005). 

The extra-tropical UTLS is very sensitive to climate 

Figure 7.15: Vertical profiles of N2 (×104) in each model and observation in the tropics. (a) DJF, (b) JJA.
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change and will cause chemical, radiative and dynamical 
feedbacks, due to high sensitivity to changes in the UTLS. 
Changes in the extra-tropical UTLS help determine the 
stratospheric impact on the troposphere through e.g., the 
transport of stratospheric ozone into the troposphere or sur-
face UV fluxes. Thus it is important that CCMs are capable 
of resolving chemical and dynamical structures in the ex-
tra-tropical UTLS accurately. Here we will investigate the 
CCMs’ capability to reproduce the complex dynamical and 
chemical structures of the extra-tropical UTLS. Potential 
long-term changes in these structures will be investigated 
in Section 7.6.2.

Detailed description of extra-tropical diagnostics

The following diagnostics are used to obtain perform-
ance metrics for the CCMs:

•  Diagnostic 1: The seasonal zonal-mean zonal wind is 
used to test the models’ realism in representing the 
latitudinal gradients of the thermal structure.  

•  Diagnostic 2: The seasonal cycle in the LMS mass is 
a test of the combined radiative-dynamical response 
to radiative forcing. It can be seen as an integrated 
measure for the extra-tropical tropopause behaviour, 
which is a basic measure of the UTLS thermal struc-
ture in a model. 

•  Diagnostic 3: The seasonal cycles in O3, HNO3, and 
H2O at 100 and 200 hPa are used to test the models’ 
representation of the large-scale transport and mixing 
properties. This includes the evaluation of the repre-
sentation of the seasonal relative strength in quasi-
horizontal mixing between the tropical latitudes and 
the extra-tropics within the tropically controlled tran-
sition region (380-420 K, or ~100 hPa) and across 
the subtropical jet (340-380 K, or ~200 hPa). HNO3 
in addition is a tracer not only influenced by trans-
port, but also by more complex microphysical and 
chemical processes (a topic that clearly needs to be 
addressed more thoroughly in the future).

•  Diagnostic 4: The sharpness of the meridional gradi-
ents of long-lived species (here for O3), where long-
lived has to be seen in relation to the transport time 
scales, is a measure of the chemical distinctiveness of 
the UTLS in latitude, and therefore for the degree of 
isolation of different regions such as the tropics and 
the extra-tropics. 

•  Diagnostic 5: Vertical profiles of normalised CO in 
potential temperature units relative to the tropopause 
height allows us to separate between transport across 
the extra-tropical tropopause on short time scales and 
transport from the tropics and subtropics on longer 
time scales. It thereby helps to determine the tro-
pospheric influence on the lowermost stratospheric 
background. The normalisation ensures that the re-

sults are dependent purely on transport and mixing 
processes, and not on the boundary conditions of CO 
in the troposphere.

•  Diagnostic 6: A basic test of the models’ performance 
in the UTLS region uses annual and seasonal profiles 
of H2O, CO, and O3 in tropopause coordinates at mid-
latitudes and northern hemisphere polar regions. This 
diagnostic is critical for understanding the chemical 
structure (including sources and sinks) of, and the 
separation between the UT and LS. 

Diagnostics not used in a quantitative way are:
•  Diagnostic 7: Interannual anomalies in extra-tropical 

tropopause pressure are a measure of the response of 
the models to different forcings such as volcanoes, 
ENSO, etc. The anomalies are related to LMS mass.

•  Diagnostic 8: The tropopause inversion layer (TIL) 
is a distinctive feature of the thermal structure of the 
tropopause, which reflects the balance between radia-
tive and dynamical processes.

•  Diagnostic 9: The depth of the extra-tropical tropo-
pause transition layer (ExTL) and its location relative 
to the thermal tropopause are used to diagnose the 
mixing and transport characteristics of the models in 
the tropopause region. 

•  Diagnostic 10: Ozone probability density functions 
are used to test the variability of ozone with respect 
to the tropopause. 

7.5.1 Dynamical Structure of  the Extra-
tropical UTLS

7.5.1.1 Zonal mean wind

The zonal mean zonal wind field is a very common 
diagnostic and used to validate the representation of the 
latitudinal thermal structure of the models, and therefore 
the basic dynamical state of the models’ atmospheres. For 
this diagnostic, monthly zonal mean wind fields averaged 
over the period 1979-1999 are compared between the 
REF-B1 simulations and ERA-40. For further comparison, 
also NCEP data are included. 

Figures 7.16 and 7.17 (which lists the grade for the 
mean gm and the skill S calculated using Equations (7.1) and 
(7.7), respectively, as well as the total grade Gtot calculated 
using Equation (7.8)) illustrate that the models represent 
the strength and latitudinal behaviour of the zonal-mean 
zonal wind in a realistic way. This is to be expected since 
the models usually tune their gravity wave parameteriza-
tions towards getting the observed zonal-mean wind fields 
correct. ULAQ is the only model that shows clear deficien-
cies in resolving the latitudinal structure, especially during 
JJA. This lack of realism is also expressed in the Taylor 
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diagrams by very low (latitude-by-latitude) correlation and 
skill values, and might be attributable to the very low reso-
lution of the model and its quasi-geostrophic dynamical 
core. The grades of the mean values of the zonal-mean zon-
al wind, gm, also reveal that SOCOL-models score slightly 
lower than the multi-model mean during both DJF and JJA.

The tight correspondence between NCEP and ERA-
40 (the skill of NCEP is 0.98), which is tighter than the 
model spread, indicates good agreement between the two 
reanalyses, and that the models may still have room for 
improvement. For example, several models displace the 
tropospheric ‘eddy-driven’ jet in the SH summer (DJF) 
when compared to the observations. 

The total grading values (Gtot) in Figure 7.17 are aver-
aged and listed in the final grading Figure 7.39. 

7.5.1.2 Mass of  the Lowermost 
Stratosphere

The seasonal cycle in the LMS mass is a basic test 
of the combined radiative-dynamical response to radiative 
forcing and represents an integrated measure for the extra-
tropical tropopause behaviour. Stratospheric mass varia-
tions due to seasonal tropopause height variations can con-
tribute to stratosphere-troposphere exchange (Appenzeller 
et al., 1996). This exchange transports ozone (c.f. Chapter 
10) and reactive nitrogen (besides other species) into the 
troposphere, where it helps determine the tropospheric 
ozone budget and hence air quality. Here, we test the real-
ism of the seasonal fluctuations in the total LMS mass by 
comparing them to the NCEP reanalyses using a method 
similar to the one of Appenzeller et al. (1996). The LMS 

mass is determined as the fraction of the stratosphere that 
lies between the thermal tropopause, calculated using the 
WMO definition, and the 100 hPa pressure surface. The 
thermal tropopause is derived from monthly zonal mean 
temperature fields averaged over a time period between 
1990 and 1999 using the REF-B1 simulations. The results 
are shown in Figure 7.18.

In the NH, most models show a very high skill (with 
values larger than 0.9) in reproducing the amplitude and 
phase of the seasonal cycle in the LMS mass from the 
NCEP reanalyses. One exception is LMDZrepro which 
scores lower with a value of 0.62. LMDZrepro captures the 
structure of the seasonal evolution (expressed in a seasonal 
correlation of 0.95), but under-estimates its amplitude (ex-
pressed in a normalised standard deviation of 0.5). There 
are also quite a few models that have difficulty in simulat-
ing accurate mean values of the LMS mass as shown in 
Figure 7.19.  UMUKCA-METO and UMUKCA-UCAM 
show larger LMS mass values, indicating an average tro-
popause pressure that is too high. CCSRNIES, CNRM-
ACM, EMAC, NiwaSOCOL, SOCOL, and ULAQ have 
smaller LMS mass values than expected, indicating gener-
ally too low tropopause pressures. The multi-model mean 
shows both a good mean value and a high skill comparable 
to those values obtained by the best performing models 
AMTRAC3, CMAM, GEOSCCM, and E39CA.

In the SH, the models’ overall performance relative to 
NCEP is worse than in the NH. The skill based on the cor-
relative metrics lies around 20-40% lower than in the NH 
for all models, with particular deficiencies for CAM3.5, 
CCSRNIES, EMAC, GEOSCCM, LMDZrepro, ULAQ, 
UMSLIMCAT, and WACCM. The Taylor diagram reveals 
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Figure 7.16: Zonal-mean zonal wind (upper panels) and corresponding Taylor diagrams (lower panels) at 
200 hPa for DJF (left panels) and JJA (right panels). The brown solid line represents ERA-40 data, the brown 
dashed line and brown dot diagram NCEP data, and the black solid line and dot the multi-model mean.
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that almost all models exhibit standard deviations that are 
too large, which shifts them away from the reference point 
(note the different radial axis scale in the Taylor diagrams 
in Figure 7.18). The following models have major defi-
ciencies in representing the mean values (see Figure 7.19): 
CNRM-ACM and the UMUKCA models.

An acceptable total score which is equal to that of 
the multi-model mean (≥ 0.8) is only reached by E39CA. 
The difference between the SH and NH can be explained 
by smaller seasonal variations in the LMS mass in the SH, 
which is more difficult for the models to capture.

The total grading values (Gtot) obtained in Figure 7.19 

for the NH and SH are averaged atnd listed in the final 
grading Figure 7.39.

7.5.1.3 Extra-tropical Tropopause pressure

The extra-tropical tropopause pressure is a basic 
measure of the thermal structure in a model. We here focus 
on interannual anomalies in tropopause pressure that yield 
insight into the models’ abilities to respond to forcing of 
the climate system. The tropopause is calculated using the 
WMO-definition and averaged over a year and 40°N-60°N 
and 40°S-60°S, respectively. The analysis is based on 

Figure 7.18: Seasonal cycle in LMS mass following Appenzeller et al. (1996) (upper panels), and correspond-
ing Taylor diagrams of model performance (lower panels) for NH (left panels) and SH (right panels). Coloured 
lines, dots and triangles denote models, black solid line and dot the multi-model mean, and brown line and gray 
shading the NCEP reanalyses ±1σ standard deviation.

Figure 7.17: Grades for the zonal-mean zonal wind at 200 hPa for DJF (upper) and JJA (lower). MMM indicates 
the multi-model mean. GM is calculated using Equation (7.1), SKILL (which is equivalent to S) using Equation 
(7.7), and GTOT using Equation (7.8).
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monthly mean temperature fields (T3M) from the REF-B1 
runs. The models are compared to 5 different analyses, 
ERA-Interim, ERA-40, NCEP, NCEP2, and JRA25.

Although the models seem to reproduce the seasonal 
cycle in tropopause pressure well in the NH (which can be 
argued based on the diagnostic for the LMS mass), they 
show more problems in representing interannual variabili-
ty. This can be seen from Figure 7.20. Similar to the evalu-
ation in the tropics, CNRM-ACM has unrealistic interan-
nual variability and low tropopause pressure. CCSRNIES, 
EMAC, ULAQ and WACCM achieve lowest total scores 
(not shown) due to both too high/low mean values and 
smaller correlation with the observed variability structure.

In the SH, the models simulate the interannual vari-
ability somewhat better, except CNRM-ACM which has 
large interannual variability and as in the NH a too low tro-
popause pressure. CCSRNIES, MRI, ULAQ, and WACCM 
have a negative bias in the mean tropopause pressure, and 

ULAQ shows the worst correlative score.

7.5.1.4 Extra-tropical Tropopause Inversion 
Layer 

Figure 7.21 shows the N2 profiles at two latitude 
bands, representing the NH TIL in winter and summer (for 
discussion of full cross-section see Section 7.4.7). It can be 
seen that maximum values of simulated N2 are compara-
ble to or larger than those derived from degraded GPS RO 
data. However, they are always weaker than those com-
puted from full-level GPS RO data unless vertical resolu-
tion is sufficiently high (e.g.,WACCM-highres). It is also 
evident that the location of maximum N2 in the CCMVal-2 
models is always higher above the tropopause than in ob-

Figure 7.20: Extra-tropical tropopause pressure variability for SH (left panel) and NH (right panel).
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A) Tropopause Pressure 60S-40S B) Tropopause Pressure 40N-60N

P
re

ss
ur

e 
(h

P
a)

180

200

220

240

Year
1960 1970 1980 1990 2000

P
re

ss
ur

e 
(h

P
a) 190

200

220

240

Year
1960 1970 1980 1990 2000

210

230

AMTRAC3
CMAM
E39CA
MRI
ULAQ
UMUKCA-UCAM
MMM

WACCM

CAM3.5
CNRM-ACM
GEOSCCM

UMSLIMCAT

LMDZrepro

CCSRNIES
EMAC

UMETRAC
NiwaSOCOL

UMUKCA-METO

SOCOL

NCEPNCEP2
ERA-40 JRA25 ERAI



Chapter 7: Upper Troposphere and Lower Stratosphere278

servations. These results are consistent with the findings 
in the tropics (Figure 7.15) and those by Bell and Geller 
(2008) as discussed in Section 7.4.7.

It should be emphasised that, although the maximum 
N2 values of the TIL are somewhat under-estimated, most 
CCMVal-2 models qualitatively reproduce the seasonal 
and latitudinal changes observed in the TIL. In fact, the 
models’ simulated TIL is more realistic than that derived 
from reanalysis data (Birner et al., 2006). This may be be-
cause the reanalysis systems are ingesting data that may 
cause degradation to the structure, either through errors or 
through coarse vertical resolution (e.g., satellite tempera-
tures).

7.5.2 Transport and mixing 

The chemical structure of the extra-tropical UTLS 
and its seasonal evolution is determined by the source/
sink characteristics of the various species, together with 
the relative strength of large-scale and small-scale trans-
port and mixing processes. The tracers we focus on in this 
report (O3, H2O, HNO3, and CO) are relatively long-lived 
compared to the transport time scales determining their 
distributions across the extra-tropical UTLS, therefore, the 
chemical structure of these tracers can be used to validate 
the underlying transport processes. While large-scale and 
small-scale mixing processes are hard to disentangle com-
pletely, their relative importance is strongly dependent on 
the sub-region one is considering.

7.5.2.1 Tracer seasonal cycles in 
the ‘background’ Lowermost 
Stratosphere

The large-scale Brewer-Dobson Circulation (BDC), 
driven by (planetary, gravity, and synoptic-scale) wave-

drag in the stratosphere, transports aged stratospheric air 
into the LMS (Logan, 1999). The breaking of synoptic 
scale waves above the subtropical jet mixes younger tropi-
cal air masses with older higher-latitude air masses. The 
BDC and synoptic-wave transport exhibit a seasonally 
varying strength, and determines the chemical background 
composition of the LMS (Hoor et al., 2005; Hegglin and 
Shepherd, 2007). It is crucial for CCMs to capture the rela-
tive strength and seasonality of these processes. This is 
because they determine the distribution of the radiatively 
active species O3 and H2O, which through radiative heat-
ing can alter temperature distributions and thereby winds 
in the UTLS, and also determine the monthly input of 
stratospheric ozone into the troposphere. Lowermost strat-
ospheric background O3 furthermore determines the im-
pact of aircraft emissions on ozone at these altitudes. H2O 
plays an important role as precursor of HOx (OH + HO2) 
which are the dominant radicals for ozone destruction in 
the LMS.

The models’ representation of these large-scale trans-
port and mixing processes, with typical time scales of 
weeks to a couple of months, is evaluated here using the 
seasonal cycles in O3, HNO3, and H2O at 100 and 200 hPa 
for latitude bands between 40° and 60°N/S, respectively. 
While O3 and HNO3 are expected to yield about the same 
seasonal cycles since their sources are mostly stratospheric 
at these levels, H2O is a tropospheric tracer (since the con-
tribution of CH4 oxidation to total water is small) and gives 
insight into a possible tropospheric influence as well as the 
lowest saturation vapour pressure an air parcel has experi-
enced. HNO3 is further affected by chemistry and micro-
physics, which may cause some differences in its seasonal 
cycle when comparing it to that of O3. The monthly mean 
zonal-mean tracer fields of the REF-B1 simulations from 
2000-2006 are compared to observations obtained by the 
MIPAS instrument between 2004 and 2008.

Figure 7.21: Vertical profiles of N2 (×104) in models and observation at (a) 50°N during DJF and (b) 80°N dur-
ing JJA.
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Figure 7.22: Seasonal cycles in monthly mean O3, HNO3, and H2O between 40°N and 60°N and corresponding 
Taylor diagrams at 100 hPa (upper two rows) and 200 hPa (lower two rows) for different models (colour-coded) 
compared to MIPAS satellite data and their 1σ uncertainty (brown solid lines and gray shading) over the years 
2004-2008. For O3, MLS data over the years 2004-2008 (brown dashed lines and dots), and for H2O, ACE-FTS 
data (brown diamonds) are shown in addition to the MIPAS data. Black lines and dots indicate the multi-model 
mean.
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The upper two rows in Figures 7.22 and 7.23 show 
the results for the 100 hPa level with the corresponding 
Taylor diagrams in the NH and SH, respectively. In the NH, 
O3 is relatively well represented in all the models despite a 
tendency to overestimate the mean and the amplitude (i.e., 
standard deviation) of the seasonal cycle relative to MIPAS 
observations. Moreover, the Taylor diagram reveals slightly 
lower correlation values than average for CAM3.5, ULAQ, 

UMUKCA-UCAM, and WACCM. The seasonal cycle in 
HNO3 mostly confirms this behaviour, with the exception 
of UMUKCA-METO, which exhibits a very low correla-
tion with MIPAS satellite observations. The seasonal cycle 
in H2O is similar to that obtained in the tropics at 80 hPa 
with a several month lag in both models and observations 
(see Figure 7.10), pointing toward a strong connection be-
tween the tropics and the extra-tropics. The performance 
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Figure 7.23: Same as Figure 7.22, but for latitudes between 40°S and 60°S.
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of the models therefore strongly depends on their ability 
to represent tropical processes such as dehydration (see 
Section 7.4.5). Indeed, models that score low in the tropical 
H2O diagnostic also score low in this diagnostic. From this, 
it might be inferred that the slightly too high amplitude in 
O3 has its origin in the tropics. This also confirms the find-
ing by Gettelman et al. (2009) that most of the CCMVal-1 
models have O3 in the tropics that increases too quickly at 
and above the tropopause. This discrepancy is improved 
in the CCMVal-2 models (see section 7.4.4), but several 
outliers still exist. The seasonal cycles in the SH generally 
show smaller amplitudes, reflecting the weaker BDC, and 
also weaker transport within the tropically controlled tran-
sition region. The models generally show the same behav-
iour, however, overestimating the mean O3 values. In both 
the NH and SH at 100 hPa, the multi-model mean reaches 
grades comparable to the better performing models. 

The results for the 200 hPa level are shown in the 
two lower rows in Figures 7.22 and 7.23. At 200 hPa in the 
NH, the models’ performance seems to decrease compared 

to the 100 hPa level in almost all the models. The mean 
values and amplitudes in the O3 seasonal cycle tend to be 
lower than those in the observations. The worst scores are 
obtained by CNRM-ACM, NiwaSOCOL, SOCOL, and 
UMETRAC, which show too low amplitudes and relative-
ly low correlations in comparison with the MIPAS obser-
vations. HNO3 again shows a consistent behavior with that 
of O3 in almost all of the models. The generally low mean 
values in both O3 and HNO3 can be explained by too much 
vertical transport across the extra-tropical tropopause. This 
is reflected also in too large amplitudes in the H2O seasonal 
cycle (as seen in the Taylor diagrams with the standard de-
viations on the radial axes). Tropospheric influence seems 
to be particularly high during late summer and autumn. As 
the analysis is done on fixed pressure levels, the model bi-
ases could in principle stem from biases in the tropopause 
altitude. However, this seems not to be the case. MRI for 
example shows a too low tropopause, but too strong mix-
ing, while UMSLIMCAT shows a too high tropopause, but 
not enough mixing. SOCOL and NiwaSOCOL both are too 
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Figure 7.24: Meridional gradient in O3 (ppmv/deg) at 200 hPa and corresponding Taylor diagrams for JJA (left 
panel) and DJF (right panel). Brown lines indicate MLS data averaged over the years 2004-2008, black thick 
lines and dots the multi-model mean.  The gray region in the top panel indicates 1σ from the observations.
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diffusive, possibly due to their semi-Lagrangian transport 
scheme. 

At 200 hPa in the SH, the observed seasonal cycles 
of all three tracers show smaller amplitudes than in the 
NH, similar to the finding on the 100 hPa level. The mod-
els’ means and amplitudes (standard deviations) in O3 and 
HNO3 are shifted to smaller values than expected from the 
observations. For O3, the worst model performance is found 
for CNRM-ACM, the SOCOL-based models, ULAQ and 
UMSLIMCAT. Again, H2O indicates too strong cross-tro-
popause transport. Note that there is some evidence that the 
seasonal cycle in the MIPAS H2O exhibits too small ampli-
tude. Comparison with the ACE-FTS measurements indi-
cates that MIPAS might be somewhat low especially dur-
ing summer on the 200 hPa level and in both hemispheres, 
an issue which is currently under investigation. However, 
the large noise and standard deviations in the ACE-FTS 
data imply that the sampling from the ACE-FTS is not suf-
ficient in determining the seasonal cycle in H2O accurately. 
Additional measurements with higher (spatial and tempo-
ral) resolution will be needed to resolve this issue and to 
gain more confidence in this metric in the future.

For this diagnostic we derive two grades for the mod-
els. One grade is based on the O3 seasonal cycle, and calcu-
lated as the average over all mean and skill values obtained 
for both pressure levels and hemispheres. The other grade 
is based on the H2O seasonal cycle, calculated as the aver-
age of all skill values obtained for both pressure levels and 
hemispheres. We do not include the mean for H2O, since 
the mean is already used as metric in the tropics and we do 
not expect significant changes due to the CH4 oxidation. 
The models’ final grades are shown in Figure 7.39. 

7.5.2.2 Meridional Tracer Gradients 

Useful information on mixing barriers and therefore 
the degree of isolation and chemical distinctness of dif-
ferent regions such as the tropics and the extra-tropics is 

provided by the sharpness of meridional gradients of long-
lived species. Here we use the meridional gradient in O3 
at 200 hPa (which is long-lived in relation to the transport 
time scales in this region). We use seasonal means for JJA 
and DJF derived from monthly mean zonal-mean O3 fields 
(REF-B1 simulations) from all models and compare them 
to a multi-year seasonal climatology using MLS data (av-
eraged over 2004-2008).

Figure 7.24 shows that the models reproduce the 
meridional gradients in both seasons (JJA and DJF). Most 
models are within 1 sigma of the observations (gray). This 
implies that the models are capable of reproducing the 
separation between the tropical UT and the extra-tropical 
LMS. As can be seen in the Taylor diagrams in Figure 7.24 
(lower panels) the correlations are mostly higher than 0.9, 
except for ULAQ and CNRM-ACM, which show correla-
tions between 0.5 and 0.7. There is, however a substan-
tial spread in the models in terms of standard deviations, 
resulting in somewhat decreased skill (see Figure 7.25). 
Too low variability is shown by ULAQ, CNRM-ACM, 
NiwaSOCOL and SOCOL, and too high variability by 
UMUKCA-METO and UMSLIMCAT, although the latter 
achieves a very high skill of 0.9 due to a high correlation 
with the observations. 

A relation between this diagnostic and the zonal-mean 
zonal wind would be expected, as the subtropical jet acts as 
a barrier to transport, and maintains strong gradients across 
this region as observed in aircraft observations (Ray et al., 
1999). This is indeed the case for ULAQ, which shows low 
grades for both the zonal-mean zonal wind and for the me-
ridional tracer gradient. 

7.5.2.3 Normalised Vertical Profiles of  CO 
in Tropopause Coordinates

To evaluate the representation of tropospheric influ-
ence on the background LMS in the models, and to sepa-
rate between transport across the extra-tropical tropopause 

Figure 7.25: Same as Figure 7.17 but for meridional gradient in O3 at 200 hPa for JJA (upper) and DJF (lower). 
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on short time scales and transport from the tropics and sub-
tropics on longer time scales, we use CO with a ~3 month 
lifetime in the LMS. In the middle stratosphere above θ = 
500 K, CO is nearly constant, with an observed background 
value of 10-15 ppbv (Flocke et al., 1999), due to the chemi-
cal equilibrium between methane and CO oxidation. Any 
excess CO must then originate from the troposphere. 

To examine the coupling between the LMS and the 
extra-tropical troposphere, CO was evaluated in tropo-
pause coordinates, expressed in potential temperature units 
relative to the 2 PVU surface (dθ) as applied to the SPURT 
data set (Hoor et al., 2004, 2005). Key results from Hoor et 
al. (2004, 2005) are: 

•  The coupling to the local troposphere drops below 
25% over the lowest 30 K above the tropopause (2 
PVU). 

•  The stronger influence of the sub-tropical troposphere 
above the extra-tropical tropopause (dθ ≥ 30 K) ac-
counts for the background CO in the LMS, which var-
ies with season. 

The largest inter-seasonal differences are found when 
comparing winter/spring to summer/autumn (Hoor et al., 
2005).

For CCMVal-2, instantaneous model output for the 
year 1995 was sampled within the SPURT measurement 
domain (30°N-80°N, 20°W-10°E). Data were analysed in 
layers of 30 K relative to the 2 PVU surface (represent-
ed by the centred layer means at -15, 15, 45, and 75 K 
in Figure 7.26). The tropospheric fraction of CO in the 
stratosphere (CO*) is determined by CO* = (CO-COstrat)/
(COtrop-COstrat). The stratospheric CO-background (COstrat) 
was deduced for each individual model for θ = 500-600 K, 
for COtrop the layer mean for dθ = -30-0 K was used. Note, 
that the normalisation accounts for the varying boundary 
specifications of CO in the models, which would lead to 
a degradation of the performance in many models if not 
accounted for. Models that did not provide instantaneous 
tropospheric CO were not included in the comparison.

Two properties were tested:
1.  The abundance of tropospheric tracer CO* between 

30 and 60 K above the tropopause as a measure for 
tropospheric influence.  

2.  The decreased coupling to the local tropopause in the 
lowest 30 K above the dynamical tropopause, and at 
dθ = 30-90 K as represented by the different gradients 
of CO* in the respective layers.

For the grading, the following properties were used:
1.  W1: The abundance of CO* in the dθ = 30-60 K layer 

was compared to the SPURT data. A model was given 
a grade of 3 if the difference between observations 
and model was smaller than 1σ of the measured in-
terannual variability, 2 points for σ between 1 and 2σ, 
1 point for σ between 2 and 3, and 0 for data outside 

the 3σ level.
2.  W2: The vertical gradient of CO* in the dθ = 30-90 

K region must be much smaller than it is closer to 
the tropopause (up to dθ = 30K) since the decrease in 
CO* is largest in the lowest layer. Grading was per-
formed by calculating the gradients in CO* between 
the levels dθ = 45 and 75 K, and dθ = -15 and 15 K, 
respectively, taking the ratio between these two gradi-
ents, and comparing the ratios obtained from models 
and observations. As in W1, the ratio of the gradient 
of each model was tested to see if it fell within the 
uncertainty range of the observed ratio in steps of 1 s.

Thus, high values for both weights indicate a good 
separation from the extra-tropical troposphere and mainly 
weak influence from the subtropics (e.g., CAM3.5, CMAM, 
WACCM, EMAC). Low values for W1 (abundance), but 
high values for W2 (separation) indicate too much tropo-
spheric tracer CO* in the LMS, but the transition from the 
local troposphere to the LMS occurs correctly within dθ = 
0-30 K (e.g., AMTRAC, CCSRNIES). Low values for both 
W1 and W2 indicate that the coupling to the extra-tropical 
tropopause extends too deep into the stratosphere (e.g., 
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LMDZrepro, NiwaSOCOL during winter) leading to an 
unrealistic tropospheric contribution due to overestimation 
of transport across the extra-tropical tropopause. SOCOL, 
ULAQ, and CCSRNIES do perform well in both metrics 
during summer, but less so during winter.

In general models tend to transport too much tracer 
into the LMS in winter as indicated by the low values of 
W1, and the fact that the multi-model mean lies outside 
of the 1 sigma range of the observations. However, most 
models capture the separation (i.e., the change of gradi-
ent) around dθ= 30K well, as indicated by W2. Thus most 
models are able to separate between transport across the 
local tropopause in the extra-tropics and processes involv-
ing other time scales and source regions. During summer, 
when tropospheric influence from the subtropics is higher, 
the models capture this feature. The high summer values of 
W2 are a result of weaker differences of the vertical gra-
dient through this enhanced transport from the subtropics 
accompanied with larger variability in the measurements. 
Most models therefore tend to get the separation between 
different regimes in the LMS right within the measure-
ments’ variability.

The best representation of transport and troposphere-
stratosphere coupling is seen in CAM3.5, CMAM, CNRM-
ACM, EMAC, UMUKCA-METO and WACCM, whereas 

LMDZrepro and NiwaSOCOL seem to be too diffusive or 
too permeable across the tropopause, confirming the re-
sults of the previous diagnostic using seasonal cycles. 

7.5.2.4 Vertical profiles of  O3, H2O and CO 
relative to the tropopause height

The vertical structure of O3, H2O and CO across 
the tropopause is evaluated using profiles in tropopause-
referenced relative altitude coordinates (Logan, 1999; Pan 
et al., 2004, 2007; Hegglin et al., 2006; Considine et al., 
2008).  Note, that this diagnostic uses absolute values of 
CO, thereby adding information on the representation of 
tropospheric CO to the metric of normalised vertical CO 
profiles discussed in Section 7.5.2.3. In the region of ±5 km 
around the tropopause, relative altitudes with respect to the 
tropopause (RALT) are effective coordinates for separat-
ing the tracer variability as a result of chemistry and trans-
port from that caused by the variability of the tropopause 
height. The diagnostic requires instantaneous model out-
put. For consistency with the coverage of the aircraft data, 
models are evaluated for the years between 1995 and 2005.
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Figure 7.27:  Ozone profiles in RALT for four seasons.  The distribution of the aircraft data is represented by 25-
75 percentiles (black shading) and the 5 and 95 percentiles (dotted lines). Models are represented as median 
(colour lines) and the 25 -75 percentiles (error bars).
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The region of analysis is chosen to be that part of the 
extra-tropics that is not strongly influenced by the subtropi-
cal tropopause break and double tropopauses. The selec-
tion criterion is a tropopause height of 325 K or below in 
winter and spring, and 335 K or below in summer and fall.  
An additional requirement is that the latitude is lower than 
80°N (Tilmes et al., 2010). The profiles selected are largely 
within 40°N-80°N. The LS chemical composition of this 
region, as discussed in Section 7.5, is largely controlled by 
the downward branch of the BDC in the stratosphere, with 
seasonally varying contribution from the isentropic mix-
ing between tropical latitudes and the LMS. The region is 
therefore well suited for evaluating how well models rep-
resent the two competing processes. The vertical structure 
is examined using O3, H2O, and CO. The O3 structure is 
examined for four seasons. CO and H2O structures are ex-
amined using the annual mean. 

Figure 7.27 shows the ozone profiles in relative al-
titudes with respect to the tropopause (RALT) for four 
seasons. Observations show a seasonality of ozone mixing 
ratios in the LMS, with lower values in fall and winter, and 
higher values in summer and spring. Figure 7.27 can be 
compared to Figure 7.22 at two pressure levels. The figures 
are consistent, but interpretation across coordinates is dif-
ficult because the RALT level in Figure 7.27 varies in pres-
sure throughout the year. In general, all models represent 

the ozone behaviour well, qualitatively. Quantitatively, 
in most models ozone increases more rapidly above the 
tropopause compared to the aircraft climatology, a result 
that is also consistent with the finding of the diagnostic of 
the seasonal cycle in O3 at 100 hPa (see Section 7.5.2.1). 
The comparison is quantified using the metrics defined by 
Douglass et al. (1999), as described in Section 7.3 with ng 
chosen to be 3. The calculated grades for the UT and LS are 
given in Figure 7.28.

In general, models agree better with observations in 
summer, when stratospheric transport processes are weaker 
compared to other seasons, and photochemical production 
is more active. Models also do better in the UT in spring. 
There is a wide spread in model performance during winter 
and fall. 

The annual mean CO and H2O vertical structures 
and the grading values are shown in Figure 7.29. The UT 
chemical composition, especially CO, is significantly influ-
enced by the contribution of anthropogenic and fire emis-
sions in the densely populated NH. Most of the models 
are not representing latitudinal and seasonal variations in 
CO emissions, resulting in significant deviations between 
models and observations in UT CO distributions (Figure 
7.29, left column), but good agreement is found for the LS 
in general. The disagreement in the UT was not identified 
in the previous metric (Section 7.5.2.3) due to the applied 

Figure 7.28: Grades calculated using simplified metrics (Douglass et al., 1999) for mean ozone values in the 
upper troposphere (1-4 km below the tropopause) and lower stratosphere (1-5 km above the tropopause) and 
four seasons.
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normalisation. (The normalisation is designed on purpose 
to avoid testing the boundary CO condition in the tropo-
sphere, and therefore to be able to solely focus on transport 
and mixing effects.) H2O is well simulated by the models 
in both the UT and LS, except for MRI which shows too 
high values in the LS. The comparison with the ACE-FTS 
satellite data indicates a good agreement between the two 
data sets. They agree within their uncertainties. Differences 
may be due to both, the coarser vertical resolution in the 
satellite data and the smaller regional coverage of aircraft 
observations.

We use the average over the UT and LS grades of 
H2O for each model (shown in lower left of Figure 7.29) in 
Figure 7.39. We do not use the same composite grade for 
O3 and CO, since these two species are strongly influenced 
by the representation of tropospheric chemistry, which is 
treated in most models in a simplified way. 

7.5.2.5. Structure of  the ExTL

The extra-tropical tropopause transition layer (ExTL) 
is composed of air masses with partly tropospheric, part-
ly stratospheric characteristics. The representation of the 
ExTL characterizes how well the models reproduce the tro-
popause as a chemical transport boundary and the sharpness 
of the barrier. The transition layer depth is examined using 
tracer correlations between ozone and water vapour (Pan 

et al., 2007; Hegglin et al., 2009). A stratospheric branch 
is identified using a fit to a polynomial function of second 
order to all data points in the LS (~below 20 km) with H2O 
< 10 ppmv.  Similarly, a tropospheric branch is represented 
by a linear function derived in fitting all data points with 
O3 < 100 ppbv for both observations and models. Mixed 
air masses are identified as those points outside the 3 sigma 
range of both the stratospheric branch and the tropospher-
ic branch. The observed transition layer is derived using 
POLARIS aircraft data, which include measurements in 
spring, summer and fall (Pan et al., 2007). Results of both 
model and observations are shown in Figure 7.30 (left) as 
histograms of the fraction of samples in relative altitudes. 
Model analyses used output for the same seasons.

Two parameters are used to quantify the comparisons: 
a) the centre of the transition layer, defined as the centre 
point of the distribution at the half maximum, b) the width 
of the layer, defined as the width of distribution at the half 
maximum. These criteria are influenced by the bin size, 
which was chosen to be 0.5 km for the observations and 0.5 
or 1 km for the models depending on which number is clos-
er to their vertical resolution in the UTLS. A comparison 
of layer width and centre location is shown in Figure 7.30 
(right). The transition layer between UT and LS is well 
manifested in all models, however in all cases the layer is 
broader, between 2 and 4 km, compared to 1 km derived 
from observations. Further, the layer centres in the mod-

Figure 7.29: Top panels as in Figure 7.27 and bottom panels as in Figure 7.28, but for annual means of CO 
(left) and H2O (right). Also included in the comparison are the annual means of ACE-FTS data for the year 2007 
(brown dashed line in the upper panels, brown triangles in the lower panels). The multi-model mean is indicated 
with a black solid line or diamond, respectively.
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els are shifted upward ~1 km in most cases. Uncertainties 
in tropopause location derived from the relatively coarse 
vertical resolution models may have contributed to the dis-
crepancies, equivalent to an artifact seen when using low 
resolution radiosonde observations to deduce tropopause 
heights (Bell and Geller, 2008). 

The fact, that models have major difficulties to repro-
duce this diagnostic, might be at least partly attributable 
to the limited vertical resolution of the models (see also 
Section 7.5.1.4). Recent satellite observations from the 
ACE-FTS, which have an effective resolution similar to 
the CCMs (around 1 km), show indeed a behaviour similar 
to that of CMAM and CAM3.5, exhibiting a layer width 
of 2 km and a layer centre at 1 km above the thermal tro-
popause. The POLARIS data set on the other hand might 
not be representative of the ExTL depth in a climatological 
sense. 

7.5.3 Variability in UTLS ozone

Correlations between tracers and tropopause heights 
can be used to examine the tracer sensitivity to tropopause 
changes in the UTLS and to evaluate transport processes 
between low latitudes and mid-latitudes related to synoptic 
waves. Here we provide a representative metric to facilitate 
evaluating transport and mixing processes in CCMs using 
conditional probability density functions (PDFs) (Rood et 
al., 2000) of correlations between ozone and tropopause 
height��������������������������������������������������� at mid-latitudes����������������������������������. Simulations are compared to����� ver-
sion (v2.2) of MLS observations between 2004 and 2008. 

Whenever tropopause relative altitude is used as the 
vertical coordinate, it should be kept in mind that a dif-
ference in vertical profiles might simply result from time-
varying tropopause height levels and consequent changes 
in reference levels (i.e., zero levels) in the coordinate. 
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Figure 7.31: Example of probability function maps 
at NH mid-latitudes (40°N to 50°N) during JJA sea-
son showing the relationship of O3 (x-axis) and tro-
popause heights (y-axis) for MLS (shaded contour) 
at five isobaric levels (46.4, 68.1, 100, 146.8 and 
215.4 hPa, from top to bottom) and WACCM (co-
loured lines). Lines indicate the maxima in the MLS  
(dashed) and model (solid) PDFs at each tropopause 
height for each pressure level.
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el mean (black) for the year 2000, and from POLARIS observations for 1997 between spring and fall (brown). 
Right panel: Scatter plot between centre and width of the ExTL. See legends Figure 7.27 and 7.28 for colour 
coding.
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In other words, even the same levels in the tropopause-
relative-altitude coordinate may contain tracers at differ-
ent levels of pressure. Our key concern is whether there 
would be changes in tracer distributions due to the varying 
tropopause height that would distort the interpretation of 
changes in distributions due to transport and mixing proc-
esses by synoptic waves. To examine the tracer sensitivity 
of models to the tropopause changes at mid-latitudes, two 
dimensional correlation maps between simulated tropo-
pause heights and ozone (O3) from REF-B0 CCM simula-
tions at five isobaric surfaces (46.4, 68.1, 100, 146.8 and 
215.4 hPa) in the UTLS region are compared to maps with 
MLS observations. An example is shown for WACCM in 
Figure 7.31.

At NH mid-latitudes there are distinguishable chang-
es in the observed vertical profiles of O3 �����������������b����������������y varying tropo-
pause heights during the summer. For higher tropopauses, 
O3 exhibits lower values throughout the UTLS. The de-
creased O3 related to increased tropopause heights is larg-
est at 68.1 hPa. When the tropopause height is above 15 
km, 68.1 hPa O3 is 50% lower than O3 with a tropopause 
height below 10 km. Therefore, when tropopause heights 
are higher, decreased O3 can be commonly found in both 
MLS and CCMs. 

The PDF representation of model/data comparison is 
entirely qualitative. To provide a quantitative measure of 
the performance of the CCMs, the simple metric g defined 
in Douglass et al. (1999), which is similar to Equation (7.1), 
is applied to this diagnostic. Here we used ng= 5, thereby 
expanding the range of acceptable performance (larger dif-
ference from observed for a given g value). To calculate 
g, simulated O3 concentrations on the 68 hPa surface were 
estimated using linear interpolation. Then for each month, 
we classify all observed and simulated data within a lati-
tude band 40ºN-50ºN into two groups, for high and low 
tropopause cases. A tropopause height of > 14 km was used 
to distinguish tropical air masses from air originating at 
mid-latitudes. In each group, the average and standard de-
viation of O3 are calculated. Comparing the difference in 
each group between MLS and models allows evaluation of 
models relative to observed data, minimising effects due to 
different frequency of higher tropopause heights between 
the real atmosphere and the CCMs. Also the difference in 
O3 concentrations between the two groups shows the de-
pendence of tracer concentrations on tropopause heights.

Figure 7.32 displays the grades (g-values) derived 
from the differences between the maximum in the O3 PDFs 
of the models and MLS. In winter, most models show 
good agreement with MLS except UMUKCA-METO, 
which shows much higher O3 values (not shown). Overall, 
models do worse in the summer than winter. The common 
weakness of the other five models is for high tropopause 
cases during the summer-time. When the tropopause height 
is lower than 14 km, models show better agreement with 

MLS. Therefore, to improve performance of models in the 
summer, models need to better reproduce O3 when the tro-
popause is higher. 

To examine the dependence of O3 on tropopause 
height, we calculated mean O3 for low and high tropopause 
cases separately and subtracted O3 for high tropopause cas-
es from low tropopause cases. The resulting O3 difference 
between the high and low tropopause cases has an annual 
cycle both in the MLS data and the models (Figure 7.33). 
This annual cycle may be related to stronger wave activ-
ity and accompanying mixing in the winter and spring. 
Simulated O3 is less sensitive to the changes of tropopause 
heights than in MLS, with smaller simulated O3 differences 
between low and high tropopause cases than observed. The 
smaller differences simulated in the models are likely the 
main reason for discrepancies shown in Figure 7.33 and 
lower overall performance of models in the summer. This 
is likely a result of more frequent high tropopause cases at 
mid-latitudes during summer than in other seasons, which 
is possibly due to a connection with stronger moist-con-
vective events in this season, which is likely under-estimat-
ed by the models.   
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Figure 7.32: The temporal variation of the obtained 
grades (g values) on 68 hPa isobaric surfaces at mid-
latitude (40ºN – 50ºN). From top to bottom, g values 
(calculated after Douglass et al., 1999) for CCSRNIES, 
CMAM, GEOSCCM, LMZDrepro, UMUKCA-METO 
and WACCM. In each model, g values for all tropo-
pauses, low tropopauses (≤ 14 km) and high tropo-
pauses (> 14 km) are shown separately.
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Conventional inter-comparison tools that simply 
analyse the difference of values between models and ob-
servations do not illuminate model performance related 
to the synoptic wave activity and accompanying changes 
in tropopause heights. The sensitivity of O3 at isobaric 
levels highlights the importance of tropopause heights to 
simulated tracer distributions at mid-latitudes especially in 
the summer. Tropopause heights could affect average and 
variation of tracer fields in the UTLS. Note however that 
the performance of models is correlated tropopause height 
variability, not with mean tropopause height.

7.6 Trends in the UTLS

The CCMVal model runs for the past and future pro-
vide a unique multi-model ensemble to examine trends 
in the UTLS. UTLS trends for CCMVal-1 models, and 
for IPCC AR4 models, have recently been analysed by 
Gettelman et al. (2009), Son et al. (2009a) and Son et al. 
(2009b). Trends have also been presented for REF-B1 his-
torical simulations in the context of validating the models 
against observations. Here we present some basic results of 
future trends in the UTLS from CCMVal-2 models.

7.6.1 Tropical Tropopause Trends 

We have already shown historical trends for cold 
point temperature (Figure 7.4) and tropopause pressure 
(Figure 7.6), along with available data from reanalysis sys-
tems and radiosonde observations. These will be discussed 
further here with the addition of trends for the future 
(REF-B2) runs. We note that for convenience, future runs 

were processed using zonal-mean data. As noted by Son et 
al. (2009a) and Gettelman et al. (2009), the use of zonal 
mean temperatures does not significantly affect values or 
trends of derived tropopause parameters. We have further 
validated this by using four models and calculating tropo-
pause pressure and cold point temperature using both 2D 
zonal monthly mean and 3D monthly mean temperatures 
(CMAM, CCSRNIES, MRI and SOCOL). Results indicate 
that there is less than a ±10% difference in the magnitude 
of the trends, and no change in significance.

Tropopause pressure in the models over the histori-
cal period is well constrained as noted above. The robust-
ness of the tropopause pressure metric was also noted for 
CCMVal-1 models by Gettelman et al. (2009).  Almost all 
models have historical trends that are close to observations 
and highly significant. Analyses have trends of -0.4 hPa/
decade, and models are slightly higher (-0.3 to -0.9 hPa/
decade). The four models with the highest overall on all 4 
metrics have a mean trend of -0.6 hPa/decade. Interannual 
variability is highly correlated with observations, and gen-
erally small. Model absolute values of pressure vary, with 
many close to the observations, and several typically a lev-
el above or below. Recall that all analyses and models have 
been processed onto a relatively high (10-15hPa) resolu-
tion vertical grid. There are generally larger decreases in 
pressure in the subtropics where tropopause gradients are 
large.

Trends for the future REF-B2 runs are illustrated in 
Figure 7.34. The figure contains multiple ensembles for 
WACCM and CMAM, illustrating that the trends are quan-
titatively the same for different ensemble members. There 
are some large differences in trends in the models. CMAM, 
UMSLIMCAT, UMUKCA-METO and CNRM seem to 
have trends that are larger (-10 to -15 hPa per century) than 
other models (-5 hPa/century). Some of the difference in 
the trends may be due to the resolution of the models in the 
TTL. The multi-model mean is about -7 hPa per century. 
This does not appear directly correlated with stratospheric 
metrics, such as changes in the strength of the BDC. Note 
that the TCPT and PTP mechanisms are different, as dis-
cussed in Section 7.4.2.

Tropical cold point temperature trends are illustrated 
for the REF-B1 case in Figure 7.6. Models do not show the 
cooling over the last 25 years seen in NCEP and NCEP2. 
However, an analysis of the distribution of the trends in 
space indicates coherent patterns of warming and cooling: 
in general the patterns represent alterations to the equato-
rial Kelvin wave and Rossby wave patterns induced by 
the change in strength of an equatorial heat source (Gill, 
1980). The heat source variations are changes in convec-
tion. However, different models put these patterns in dif-
ferent locations in the tropics. The overall picture is one of 
cooling in some regions balancing warming, for little net 
trend. This indicates that TCPT patterns respond to chang-
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Figure 7.33: Time series of O3 differences (O3 for low 
tropopause – O3 for high tropopause) on 68 hPa iso-
baric surfaces from MLS observation (black) and five 
model outputs. The average of O3 differences is taken 
at NH mid-latitude (40ºN – 50ºN) and is calculated 
each month.
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es in tropical deep convection. The confidence in analysis 
systems might be limited by the sparse input data used for 
constraining the analysis models in the tropics.

Tropical cold point temperature trends for the future 
(REF-B2) are illustrated in Figure 7.35. Most models 
show a slow increase in minimum temperature of 0.5-1.0 K 
per century. Several models (ULAQ, UMUKCA-METO) 
have larger trends. This is consistent with water vapour in-
creases (see below).

There exist no consistent observations of water va-
pour trends over long periods of time. There are indications 
of long-term increases in water vapour from a variety of 
records (Kley et al., 2000), and a significant increase in wa-
ter vapour in the 1990s observed by HALOE, followed by 
a sharp, step-change decrease after 2000. The overall trend 
in HALOE H2O from 1992-2004 is negative (-0.05ppmv 
yr-1) and significant at the 99% level.  Almost all models 
also simulate a negative H2O trend over this period, with 
the multi-model mean -0.03 ppmv yr-1 (but significant only 
at the 95% level). Recent changes in water vapour over the 
last decade or so are broadly consistent with changes in 

the tropical tropopause temperature (see Section 7.4.5 and 
Randel et al., 2006).

Future changes in water vapour just above the CPT 
simulated in the models are illustrated in Figure 7.36. 
Also illustrated in Figure 7.36 are multiple ensembles from 
WACCM (3) and CMAM (2), confirming that their trends 
are different from each other, but consistent across the same 
model ensemble members. Most model trends are from 
0.5-1.0 ppmv per century, or nearly 25%. These trends are 
affected very little by methane oxidation at 80hPa, so that 
is unlikely to be a cause of these trends. This is consistent 
with the magnitude of TCPT trends, and temperature trends 
of 0.5-1 K per century at 193 K translate into 0.5-1 ppmv 
per century increase in water vapour. Models with larger 
temperature trends, or a stronger correlation between water 
vapour and temperature, appear to indicate larger increases 
in water vapour. This is true for example of ULAQ (large T 
increase) and MRI, CNRM-ACM and CCSRNIES (strong 
dependence of H2O on T).  UMUKCA-METO is off-scale 
in Figure 7.11 (no correlation between H2O and T) so it is 
not surprising there is no increase in water vapour. SOCOL 
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Figure 7.34: Lapse Rate Tropopause Pressure time series from 20°S-20°N for future REF-B2 scenarios. Thin 
lines are linear fits. Multi-model mean (MMM) is the thick black line.

Figure 7.35: Cold Point Temperature time series from 20°S-20°N for future REF-B2 scenarios. Thin lines are 
linear fits. Multi-model mean (MMM) is the thick black line. 
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indicates a large change in water vapour, without a large 
change in temperature. Note that the UMUKCA models 
(fixed water vapour) and GEOSCCM (output problem with 
water vapour) are not included in the analysis of REF-B2. 
Water vapour trends are also illustrated in Figure 7.37, in-
dicating larger water vapour trends in the upper tropical 
troposphere at the convective outflow level near 200 hPa. 

Radiatively active tracers such as H2O and O3 ex-
hibit large gradients across the tropopause. The radiative 
response to changes in these tracers is therefore expected 
to be highly sensitive to the detailed structure of the trends 
of H2O and O3 in the global UTLS. Generally, one expects 
the trends in absolute (e.g., pressure) coordinates to be af-
fected by tropopause height trends. We will therefore show 
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Figure 7.37: Trends in O3 (upper panels) and H2O (lower panels) in pressure (left panels) and tropopause 
coordinates (right panels). Shading indicates the 95% significance level. For H2O, the calculated trends are 
significant at the 95% level. Dotted lines in each panel denote the tropopause with the lower line corresponding 
to the reference period (1960-1980) and the upper line corresponding to the year 2100.

Figure 7.36: 80 hPa water vapour time series from 20°S-20°N for future REF-B2 scenarios. Thin lines are 
linear fits. Multi-model mean (MMM) is the thick black line.
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two sets of trends, in absolute coordinates as well as in 
tropopause-based coordinates to highlight the sensitivity of 
trends to the tropopause. Trends are calculated as above, 
based on the monthly zonal mean output with respect to the 
tropopause obtained from the T2Mz data.

Figure 7.37 shows the multi-model ensemble of an-
nual mean trends of O3 (top) and H2O (bottom) for the 
period 1960-2100 based on the 9 REF-B2 models with 
data from 1960-2100. Models included are: CAM3.5, 
CCSRNIES, CMAM, LMDZrepro, MRI, SOCOL, ULAQ, 
UMSLIMCAT, and WACCM. The left panels show trends 
in conventional (absolute) coordinates, whereas the right 
panels show trends in tropopause-based coordinates. The 
latter are obtained by first calculating the decadal shift 
in tropopause pressure followed by shifting the decadal 
changes of the respective field (O3 or H2O) to a reference 
tropopause pressure. The shift in the tropopause is shown 
on the panels (with the higher altitude tropopause corre-
sponding to 2100). Here, the average over the period 1960-
1980 is used as reference state.

O3 trends are negative (-2% dec-1) in conventional co-
ordinates in the tropical lower stratosphere. Decreasing O3 
is consistent with a strengthening of the BDC. Moderate 
increases of around 0.5-1.5% dec-1 are found through-
out the upper troposphere and in the extra-tropical lower 
stratosphere. These results are consistent with Hegglin and 
Shepherd (2009) and Li et al. (2009) in the tropics and mid-
latitudes, but differ in the SH polar regions. In tropopause-
based coordinates however the trends are strongly positive 
above the tropopause in both the tropics and extra-tropics 
(4-5% dec-1). In the tropics the sign is reversed between 
conventional and tropopause based coordinates. Ozone de-
creases due to faster upwelling resulting from an enhanced 
BDC. Thus O3 decreases at any given pressure level. This 
may be a direct result of higher tropical SST (Deckert et 
al., 2008). However, the gradient of ozone around the tro-
popause increases as the tropopause moves to higher al-
titudes, so relative to the tropopause, O3 increases. This 
trend is larger than the decrease at fixed altitude/pressure 
due to the strengthened BDC. In the extra-tropical lower 

stratosphere both contributions are positive (increasing 
BDC increases ozone), and are therefore amplified in tro-
popause-based coordinates.

H2O exhibits strong positive trends in the upper trop-
osphere from a realistic upper troposphere (UT) base state. 
The base state has high humidity in tropical convective 
outflow regions and low humidity in downwelling branch-
es of the Hadley and Walker circulations. In the tropical 
UT maximum trends of ~9% dec-1 are found around 200 
hPa. These trends are likely due to increases in temperature 
associated with anthropogenic greenhouse gas induced 
warming. In conventional coordinates one also finds rather 
strong positive changes throughout the extra-tropical LMS 
(between 3-5% dec-1). However, these changes in the LMS 
are in part caused by the upward tropopause trend: in tro-
popause-based coordinates the strong positive trend in H2O 
is largely confined to the upper troposphere whereas strat-
ospheric H2O shows moderate changes of around 2% dec-1 

throughout the global lower stratosphere.

7.6.2 Extra-tropical Tropopause Trends

Trends in the extra-tropical tropopause pressure for 
future scenarios are shown over the southern (Figure 7.38, 
left panel) and northern (in Figure 7.38, right panel) polar 
caps for REF-B2 simulations from 1960-2100. As in the 
tropics, tropopause pressure is expected to decrease -20 hPa 
per century in both hemispheres. The century scale trends 
are not quantitatively different between hemispheres over 
the 21st century (about 30hPa for the century). However, 
it is clear that there are differences in the timing of PTP 
trends between the hemispheres in Figure 7.38: the trends 
in the SH polar regions are not steady, but are larger from 
1960-2000 and lower (flatter) from 2000-2050. As noted 
by Son et al. (2009) in comparing IPCC AR5 models with 
and without ozone depletion, these differences are due to 
the effects of ozone depletion (1960-2000) and recovery 
(2000-2050). Note that the overall trend over 140 years is 
nearly the same in both hemispheres.
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7.7 Summary and Conclusions

7.7.1 Quantitative metrics 

Figure 7.39 shows the grading obtained for the key 
diagnostics presented in this chapter, and provides an over-
all assessment of how well the models performed in the 
UTLS. The upper panel depicts the grades for the tropical 
diagnostics, the lower panel grades for the extra-tropical 
diagnostics as discussed in the specific sections of this 
chapter, and in a more qualitative way in Section 7.7.2.  
The grading methodology does not necessarily define an 
‘acceptable’ grade. The different methods may yield dif-
ferent scores. The discussion defines what is an acceptable 
grade based on the uncertainty in the observations, often 
using the spread of multiple observation data sets. For 
some metrics this spread is narrow (e.g., U@200 in Figure 
7.17, or PTP in Figure 7.6) while for others there is large 
uncertainty (e.g., TCPT in Figure 7.6). In general tropical 
grades > 0.5 are considered acceptable, and grades > 0.6 
in the extra-tropics are considered acceptable. This differ-
ence might reflect the larger database of observations in the 
extra-tropics, or simply the choice of diagnostics.

7.7.2 Qualitative Diagnostics Discussion

Tropical Diagnostics

Tropical Cold Point Temperatures:  The annual cycle 
of tropical cold point temperatures is well reproduced by 
most models, as is the amplitude of the annual cycle. There 
remain some significant biases between models, with 
the UMUKCA models having warm temperatures, and 
CNRM-ACM and CCSRNIES having cold temperatures. 
CNRM-ACM has too large a response to volcanic pertur-
bations, and SOCOL and NiwaSOCOL are also high in this 
regard. Most models do not have strong trends in CPT over 
the historical period. Analysis systems also disagree over 
the satellite period.

Tropical Tropopause Pressure: Again, most models get 
the absolute value of tropical tropopause pressure to the 
right level (about 100 hPa). The UMUKCA models are 
below this (120hPa), which is likely the reason for their 
tropopause temperature warm bias. This may be a function 
of a slightly different vertical structure in the tropopause 
region. CNRM-ACM and CCSRNIES are slightly higher, 
as are the SOCOL models, ULAQ and EMAC. Most mod-
els do get consistent trends in tropopause pressure. Again, 
CNRM-ACM has too large a response to volcanic events. 
In general model variance is higher than observed inter-
annual variance of tropopause pressure. Trends are consist-
ent between models and analysis systems and variability is 
highly correlated.

Figure 7.39: Quantitative metrics summary for tropics (upper) and extra-tropics (lower). MMM indicates the 
multi-model mean.
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Tropical Ozone:  100hPa ozone is generally well repro-
duced. Most models have less NH summer-time tropi-
cal ozone than observations at 100hPa. CNRM-ACM 
and UMSLIMCAT have the wrong annual cycle. The 
UMUKCA models are higher throughout the year, as is 
ULAQ.

Tropical Water Vapour: E39CA, CNRM-ACM and MRI 
are too wet at 80 hPa, and several models (LMDZrepro 
and EMAC) are too dry, with water vapour below 3 ppmv 
throughout the year. The annual cycle is not as well re-
produced, with many models shifted 1-2 months (or more) 
early relative to HALOE observations. With respect to 
the CPT and water vapour correlation, there are 3 mod-
els (CCSRNIES, CNRM-ACM and UMETRAC) that are 
clear outliers: There appears to be more water vapour than 
the temperatures would permit if transport were occurring 
similarly to observations. UMUKCA-METO is off-scale 
due to a very warm CPT.

Equatorial Wave Activity: There are huge differences be-
tween the analysis systems for the wave diagnostics, and the 
models examined (CCSRNIES, MRI, CMAM, WACCM) 
span this range. CCSRNIES appears to have lower wave 
activity than any of the analysis systems, which are on the 
low end of observed. Several models have higher ISO ac-
tivity than the analysis systems (WACCM, CMAM), which 
is likely similar to observations. 

Extra-tropical Diagnostics

Seasonal zonal-mean zonal wind: Most models perform 
well in this diagnostic as well, except ULAQ. This might 
be due to an insufficient horizontal and vertical resolution 
in this model and its geostrophic dynamical core.

Seasonal cycle in LMS mass: Most models represent 
well the phase and amplitude of the seasonal cycle in LMS 
mass, but this is not so for the annual mean value in LMS 
mass. Overall scores are generally higher for the NH than 
for the SH. Models scoring high are AMTRAC3, CMAM, 
E39CA, and GEOSCCM. Models which perform the least 
well are CCSRNIES, CNRM-ACM, and ULAQ. The diag-
nostic yields insight into the strength and seasonality of the 
BDC which will affect stratosphere-troposphere exchange 
and therefore both UT and LS tracer distributions. 

Seasonal cycles in O3, HNO3, and H2O at 100 and 200 
hPa: Most models perform reasonably well for O3 in the 
NH, however the amplitude is generally a little too high at 
100 hPa and too low at 200 hPa. The latter finding indicates 
that the models exhibit too much transport across the ex-
tra-tropical tropopause (in particular CNRM-ACM and the 

SOCOL-based models). The spread in skill in representing 
H2O is larger than that in O3, with models doing better at 
100 hPa than at 200 hPa. At 200 hPa, strong tropospheric 
influence causes too large amplitudes. Note, that there ex-
ist some observational uncertainties in H2O at the 200 hPa 
level. Better measurements are needed to gain more con-
fidence in this diagnostic. The spread in skill to represent 
HNO3 in the SH at 200 hPa is even larger. UMSLIMCAT 
shows the best representation of HNO3, but most other 
models have a low correlation with observations and un-
der-estimate the annual cycle amplitude.

Sharpness of meridional gradients in O3: The results of 
this metric are largely consistent with the one from the sea-
sonal cycle in O3 on 200 hPa. Models perform generally 
well, with some models overestimating (UMSLIMCAT 
and UMUKCA-METO), and some models (CNRM-ACM 
and ULAQ) under-estimating the maximum in the gradi-
ent.

Normalised vertical profiles of CO in potential tem-
perature relative to the tropopause height: Most models 
perform reasonably well in this diagnostic and are able to 
separate between transport across the local tropopause in 
the extra-tropics and processes involving other time scales 
and source regions, except LMDZrepro, SOCOL, and 
NiwaSOCOL. 

Vertical profiles of H2O, CO, and O3 in tropopause 
coordinates: The models show some difficulties simu-
lating the seasonal mean vertical profiles of the different 
tracers. Models perform best for H2O, possibly because 
it is least affected by chemistry. CO is represented very 
poorly, clearly because most models do not include tropo-
spheric chemistry. However, even models including tropo-
spheric chemistry perform rather poorly in this diagnostic 
(CAM3.5, EMAC, and ULAQ). The lack of a more so-
phisticated tropospheric chemistry also causes poor UT O3 
distributions. 

Depth of the extra-tropical tropopause transition layer 
(ExTL): The models simulated an ExTL that is deeper 
than observed, and shifted above the thermal tropopause. 
This might be due to the models’ limited vertical resolu-
tion as indicated also by the findings of the study by Bell 
and Geller (2008). CMAM’s representation of the ExTL 
is closest to the observations, which is noteworthy since 
CMAM has a relatively low horizontal resolution com-
pared to other models. The ratio between vertical and 
horizontal resolution might matter more. Models that show 
the most difficulties in reproducing the ExTL are SOCOL, 
UMUKCA-METO, and CNRM-ACM, which might be 
due to too diffusive transport schemes. For the ExTL (as 
well as for the TIL), it seems difficult to find a model mea-
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sure that can be usefully compared against observations 
due to the mismatch between the scale of observations and 
the scale resolved by models.

7.7.3 Qualitative Model Discussion

Summary: In the tropics there are 4 models that score at 
least 0.5 on all metrics and have consistent transport and 
trends: CMAM, GEOSCCM, E39CA and WACCM. In 
the extra-tropics, models that score consistently higher 
than 0.6 are AMTRAC3, CMAM, EMAC, E39C and 
UMSLIMCAT. Note however, that the latter two are vali-
dated only on a subset of the diagnostics.

AMTRAC3 performs acceptably well on the tropical met-
rics examined, although slightly lower on TCPT. Summer 
tropical ozone is a bit low, as with other models. Water 
vapour annual cycle is shifted a month or two early. In the 
extra-tropics, AMTRAC3 is one of the better performing 
models, with scores mostly equal or higher than 0.6. 

CAM3.5 shows generally good performance on tropical 
metrics. The tropical tropopause is slightly high and cold, 
but the tropical water vapour annual cycle is one of the 
best despite this. CAM3.5 also performs relatively well on 
extra-tropical metrics, with the exception of the metrics for 
the seasonal cycle in H2O, which shows a too large (small) 
amplitude at 200 (100) hPa, respectively.

CCSRNIES has a tropical tropopause pressure is high and 
tropopause is cold, yet water vapour is reasonable, imply-
ing a different transport than observed. CCSRNIES scores 
lower on some of the tropical metrics as a result. Tropical 
100 hPa ozone is relatively good. In the extra-tropics, 
CCSRNIES performs relatively well, with the exception 
of exhibiting a too small mass in both the NH and the SH 
LMS, and a strong shift in the seasonal cycle of H2O at 
100 hPa. The normalised vertical profiles of CO indicate 
a good separation from the extra-tropical troposphere, but 
too large transport from the tropical tropopause. 

CMAM: Tropical tropopause temperature is well repro-
duced. CMAM has all tropical metrics over 0.5. However, 
there are very large trends in tropical tropopause pressure 
for the REF-B2 simulations. In the extra-tropics, CMAM 
is one of the best performing models, with scores mostly 
above 0.6, and it also shows the best representation of the 
ExTL. CMAM performs less well for HNO3 in the SH.

CNRM-ACM exhibits some significant problems with 
tropical transport. The tropopause is cold and high, with 
more water vapour than would be implied by the tempera-
tures. The tropopause response to volcanic events is very 

large, and the secular trend is also larger than other mod-
els due to problems with volcanic aerosol heating. Future 
trends are also relatively large in water vapour compared 
to other models, and not consistent with temperatures. Also 
in the extra-tropics, CNRM-ACM shows major deficien-
cies in both the dynamical and the transport and mixing 
diagnostics. Extra-tropical tropopause pressure is too low, 
which is also reflected in too small values for the LMS 
mass in both hemispheres. These deficiencies go along 
with too low HNO3 in the SH, and too high H2O in the NH 
at 200 hPa.

E39CA performs well on tropical diagnostics with a score 
of 0.5 on all grades. The tropical tropopause pressure vari-
ability is larger than observed, and tropical ozone is lower 
than observed. In the extra-tropics, E39CA in one of the 
best scoring models, however some critical diagnostics are 
missing.  E39CA got only one low score of 0.5 for the am-
plitude in the seasonal cycle of H2O in the NH at 200 hPa, 
which is too large.

EMAC: The tropical tropopause is colder and higher, re-
sulting in less water vapour in the stratosphere than ob-
served. Transport appears to be correct, though without 
much of an annual cycle. The seasonal cycle in ozone at 
100 hPa is relatively well represented. In the extra-tropics 
EMAC performs relatively well, especially for the metrics 
based on the mean O3 values in the UT and LS, the metric 
for CO in dθ/dz, and the latitudinal O3 gradient. 

GEOSCCM tropical metrics are good, with generally all 
at 0.5 or higher. The tropical tropopause is slightly colder 
than observed, but with reasonable water vapour just above 
the tropical tropopause. Water vapour cannot be analysed 
for the REF-B2 run in the lower stratosphere, due to prob-
lems with the REF-B2 run. In the extra-tropics GEOSCCM 
is one of the better performing models, however, the am-
plitude in the NH H2O seasonal cycle at 200 hPa of the 
REF-B1 run is too large indicating too large tropospheric 
influence. 

LMDZrepro exhibits relatively low temperatures and 
tropical water vapour. The transport and condensation 
processes appear to be reasonable, but water vapour is low. 
Ozone is low at 100hPa as well. LMDZrepro performs rea-
sonably well in the extra-tropics, with reasonable seasonal 
cycle and meridional gradient in O3 at 200 hPa, while the 
model achieves lower scores in the metrics testing tropo-
spheric influence such as normalised CO in dθ/dz, the 
ExTL depth, or the seasonal cycle in H2O at 200 hPa.

MRI: The tropical tropopause temperatures are reasona-
ble, but water vapour is higher than the temperatures would 
imply due to the presence of ice supersaturation. Ozone 
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is also higher than observations at 100hPa. MRI performs 
reasonably well in the extra-tropics, with intermediate to 
high scores for the dynamical metrics, but relatively low 
scores for transport and mixing metrics, in particular those 
testing H2O. 

NiwaSOCOL: The annual cycle of water vapour in the 
tropics is shifted slightly. The annual cycle of ozone at 100 
hPa is very flat (almost no annual cycle), with too much 
ozone in NH winter. The tropical tropopause is slightly 
higher than observations (90 hPa), one level up, though the 
temperatures are reasonable. NiwaSOCOL is one of the 
lowest performing models in the extra-tropics. Low scores 
are obtained in the metrics testing the vertical structure of 
the tracers, indicating too large tropospheric influence. This 
is also confirmed by the too large amplitude in the seasonal 
cycle of H2O and O3 on the 200 hPa level. NiwaSOCOL it 
scores reasonably well in the dynamical metrics.

SOCOL shows very similar performance to NiwaSOCOL 
quantitatively and qualitatively in the tropics. It has very 
large water vapour trends in REF-B2 scenarios, likely due 
to large trends in tropical tropopause pressure in the 21st 
century. In the extra-tropics, SOCOL shows similar per-
formance to NiwaSOCOL. The relatively poor perform-
ance of NiwaSOCOL and SOCOL in UTLS transport and 
mixing may stem from the semi-Lagrangian transport 
scheme, which is known to be overly diffusive. The rather 
low resolution may enhance the problems due to the trans-
port scheme applied.

ULAQ performs acceptably well on tropical metrics ex-
cept for ozone. Tropical tropopause variability is large. 
The 100 hPa Ozone annual cycle is large and ozone con-
centrations are high. Future trends indicate large tropical 
tropopause temperature and water vapour towards the end 
of the 21st century. ULAQ is the lowest performing model 
in the extra-tropics, with a major problem in simulating the 
latitudinal structure of the zonal-mean zonal wind at 200 
hPa. This deficiency is potentially the reason for a very low 
score of 0.5 for the meridional gradient in O3. Also, the 
model scores low in reproducing the seasonal cycle in the 
LMS mass in the SH. The models very low resolution and 
the use of a geostrophic dynamical core may be the reason 
for this behaviour. 

UMSLIMCAT: The tropical tropopause pressure is 
slightly lower in altitude than other models, but tropical 
tropopause temperatures are reasonable. The annual cy-
cle of tropical water vapour at 80 hPa and ozone at 100 
hPa does not have the same phase over the annual cycle 
as observed, though tropopause temperatures do have the 
correct phase. This reduces confidence in TTL transport of 
water vapour and ozone, though minimum temperature and 

water vapour correlations are reasonable. In the extra-trop-
ics, UMSLIMCAT is among the better performing models. 
It achieves the highest score in reproducing the seasonal 
cycle of HNO3 in the SH and also of O3 in the NH at 200 
hPa, pointing towards a good representation of chemistry 
in the model. 

UMUKCA-METO has low (120 hPa) tropopause pressure 
and hence warm CPTs in the tropics. In addition, water va-
pour has no annual cycle above the cold point, and is low. 
Tropical water vapour trends in the REF-B2 run seem in-
consistent with tropopause temperature trends. Thus there 
is no correlation between temperature and water vapour. 
This might be due to errors in processing or the run. In the 
extra-tropics, UMUKCA-METO is one of the reasonably 
performing models. Notable deficiencies are a very high 
LMS mass in both hemispheres, and in the representation 
of the vertical structure of O3 and H2O, as well as the ExTL 
depth. The latter is surprising, since the model seems to 
score highest in the diagnostic testing the CO in dθ/dz, 
pointing toward a reasonable stratosphere-troposphere ex-
change.

UMUKCA-UCAM: In the tropics, UMUKCA-UCAM is 
similar in performance to UMUKCA-METO. UMUKCA-
UCAM has excessive tropical ozone at 100 hPa. Several 
diagnostics were not performed due to incorrectly format-
ted data. In the extra-tropics UMUKCA-UCAM is one of 
the better performing models, although this might be due to 
the fact that it is missing some diagnostics. As UMUKCA-
METO, it shows too high LMS mass in both hemispheres.

WACCM generally has all tropical metrics at or above 0.5.  
The annual cycle of water vapour is 1-2 months early, but 
well correlated with temperatures. The 100 hPa ozone an-
nual cycle is a bit flat (less ozone in NH summer). It is one 
of the best models for CPT. WACCM performs reasonably 
well in the extra-tropics. The overall model performance is 
decreased due to a relatively low skill in reproducing the 
amplitude and phase of the seasonal cycle in H2O at both 
100 and 200 hPa in the NH.

7.7.4 Overall Summary 

In summary, in the tropical UTLS the models are able 
to reproduce the climatology of tropopause temperature, 
pressure, water vapour and ozone, with some common de-
ficiencies. This statement includes both the annual cycle, 
and interannual anomalies. Interannual anomalies of tro-
popause pressure are reproduced well. The annual cycle 
of water vapour in the lower stratosphere is shifted early 
by a month or more in many models. This indicates likely 
problems with transport, since tropical cold point tempera-
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tures appear to have the correct annual cycle. There is still 
a large spread in tropical CPTs, but this is smaller than in 
the CCMVal-1 models. This spread yields a significant 
spread in stratospheric water vapour, but the transport ap-
pears consistent in that models with higher water vapour 
have higher CPTs, with a few exceptions. Lagrangian cold 
points can differ substantially from the Eulerian cold point, 
and biases between models and reanalyses differ. Tropical 
wave variability is reproduced in the few models exam-
ined, but there is also a wide spread in reanalyses. The TIL 
is found in the tropics in models, but differs from obser-
vations. This appears to be partially a function of coarse 
vertical resolution.

The overall model performance in the extra-tropical 
UTLS can be summarized as follows: The models score 
better in metrics testing dynamics (zonal-mean zonal wind 
and LMS mass) rather than transport and mixing (seasonal 
cycle of O3 and H2O, meridional gradient in O3, normal-
ised and absolute vertical profiles), and better in metrics 
focusing on the LS (seasonal cycle of O3 at 100 hPa, me-
ridional gradient in O3) rather than the transition between 
the troposphere and the stratosphere (seasonal cycle of O3 
and H2O at 200 hPa, and normalised and absolute vertical 
profiles). This may be simply due to the length-scales of 
the observed chemical and dynamical structures, which are 
much smaller in the tropopause region than in the strato-
sphere. In particular the fine-scale structure of the TIL and 
ExTL cannot be fully resolved due to the models’ limited 
vertical resolution. The results, however, improve substan-
tially if the models are compared with coarser resolution 
(or degraded) observations. The multi-model mean gener-
ally scores higher than any individual model, except for 
the seasonal cycle of H2O. In fact, most models seem to 
score lower in this latter metric, which is likely due to the 
uncertainty in the observations. The fact that the multi-
model mean scores so well on all diagnostics suggests that 
there are no significant missing processes in the models, 
although particular models may have significant deficien-
cies in the representation of the processes.

These results allow a better understanding of model 
trends, and raise our confidence in the trends. Decreasing 
observed tropopause pressure trends are highly correlat-
ed with observations, especially in the tropics. Trends in 
extra-tropical tropopause pressure differ between hemi-
spheres due to ozone depletion and recovery. Observed 
UTLS trends in tropical tropopause temperature are not 
consistent between reanalyses. Some models show slight 
decreases in tropopause temperature (observed in some 
reanalyses), an encouraging sign.  These results provide 
more confidence in future trends. Trends in multiple en-
semble members of individual models are similar to each 
other. CCMVal-2 models predict decreases in tropopause 
pressure in the tropics and extra-tropics, with different ex-
tra-tropical behaviour between hemispheres due to ozone 

recovery. Tropical tropopause temperatures are expected to 
increase slightly (1 K per century) with a corresponding 
consistent increase of 0.5ppmv (about 10-20%) in lower 
stratospheric water vapour. The magnitude of these trends 
is consistent across the high performing models.
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