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Abstract

Water vapor in the upper troposphere has a strong impact on the Earth’s radiation budget.
In a warming climate, upper tropospheric water vapor is responsible for one of the largest
positive clear-sky feedbacks and therefore it is essential to improve the understanding of
its changes. A measure of water vapor in the upper troposphere is the brightness tem-
perature (TB) for water vapor channels. In a conventional view, TB corresponds to the
relative humidity, averaged over an appropriate layer in the upper troposphere.

I develop a new perspective, explaining changes in TB by a vertical stretching of the
temperature (T ) and specific humidity (q) profiles. I show that stretching the profiles
describes a major part of the profiles’ evolution in a warming climate in the MPI-ESM-LR.
I find a strong correlation between the change in TB and the difference of the stretching
parameters for T and q as a robust feature across the CMIP5 ensemble. Even though the
relationship differs, the correlation is robust for two simulated measurement instruments
AMSU-B and HIRS. The robustness across the CMIP5 ensemble and across two different
measurement instruments open a new perspective which allows to interpret changes in TB
not only as a function of a change in relative humidity but also as a consequence of a
different evolution of the T and q profiles.
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Chapter 1

Introduction

Water vapor is the most important greenhouse gas in the Earth’s atmosphere (Raval and
Ramanathan, 1989). Therefore, a large part of the Earth’s outgoing longwave radiation is
influenced by the amount of atmospheric water vapor (Held and Soden, 2000; Huang et al.,
2007). In a warming climate, the amount of water vapor is projected to increase (Randall
et al., 2007; Trenberth et al., 2005). This leads to a large positive feedback which has the
potential to nearly double the initial warming (Soden and Held, 2006; Manabe and Wether-
ald, 1967). Although the major amount of atmospheric water vapor is found in the lower
and middle troposphere, it is the upper tropospheric water vapor which is most important
for the outgoing longwave radiation (Spencer and Braswell, 1997; Held and Soden, 2000).
It is therefore essential to understand the changes of water vapor in the upper troposphere.

A measure of water vapor in the upper troposphere and its impact on the Earth’s energy
budget is the brightness temperature (TB) for water vapor channels (Dalu, 1986). It
corresponds to the weighted mean temperature (T ) within an emission layer in the upper
troposphere. The exact position of this emission layer depends on the amount of water
vapor, which corresponds to the specific humidity (q).

There are long and robust time series of satellite measurements of TB. The longest of
such time series have been measured with the High-resolution Infrared Radiation Sounder
(HIRS, Robel et al. (2009) and Shi and Bates (2011)), starting in 1979, and the Advanced
Microwave Sounding Unit-B (AMSU-B, (Saunders et al., 1995)), starting in 1998. In
this thesis I develop a conceptual model to explain changes in TB in a warming climate,
simulated for these two measurement instruments.

A change in TB (∆TB) can be influenced by both a change in the T profile and a change
in the q profile. An increase in T causes an increase of the mean temperature in the
emission layer and therefore an increase in TB. An increase in q causes an upward shift
of the emission layer to lower temperatures and therefore a decrease in TB. Furthermore,
other factors like the T and q profiles’ lapse rate have an influence on ∆TB.

The traditional view of TB is that it corresponds to the relative humidity (RH) in the upper
troposphere (Soden et al., 2005). Keeping the relative humidity constant, an increase in
T entails an increase in q. The opposing effects of T and q on TB are then assumed to
approximately compensate each other (Soden and Bretherton, 1993). Consequently, an
increase in RH decreases TB and vice versa. Therefore, TB is used to calculate the upper
tropospheric humidity (UTH), which is defined as the weighted mean of RH within the
emission layer of TB (Soden and Bretherton, 1993). Because on average, RH is projected
to remain approximately constant in a warming climate (Soden and Held, 2006; Dessler
et al., 2008), TB is expected to remain largely constant as well.
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The difficulty with this way of interpreting TB is that in a warming climate the tropospheric
profiles stretch in such a way that the tropopause moves upward (O’Gorman and Singh,
2013). This also applies to the levels of a given absolute humidity. The traditional view
on TB, although not incorrect, obscures this important fundamental mode of change.

I develop a new perspective on ∆TB by connecting it directly to changes in the T and q
profiles. To do so, I simplify the complex evolution of the profiles by the process of vertical
stretching. Vertical stretching is able to explain a major part of the profile’s evolution in
simulations of climate models (Singh and O’Gorman, 2012). The novelty of this perspec-
tive is that it does not connect ∆TB to a change in the atmospheric parameters, but rather
to a process which causes a large part of the changes in the atmospheric parameters. This
process provides a new framework for interpreting ∆TB.

The following Chapter 2 gives information about the brightness temperature and the
stretching method to approximate the profiles’ evolution. In Chapter 3 I will investigate
the new perspective on ∆TB in an idealized experiment. The new perspective is tested
for model data in Chapter 4, first for the Max Planck Institute Earth System Model (MPI-
ESM, Giorgetta et al. (2013)) in low-resolution configuration (LR). Then, I investigate
the robustness of the new perspective across 19 further models which are part of the
fifth phase of the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et
al. (2012)). Finally, I analyze the influence of the measurement instrument on the new
perspective in Chapter 5.
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Chapter 2

Methods and data

2.1 Brightness temperature

The brightness temperature (TB) is derived from satellite measurements of the Earth’s
emission of radiation in a certain frequency range. TB corresponds to the weighted mean
of the temperature T within an emission layer. I investigate changes in TB for water vapor
channel frequencies. For those frequencies, the radiation is mainly absorbed by water va-
por. Therefore, the position of the emission layer depends on the amount of water vapor
which corresponds to the specific humidity q. As a consequence, TB can be used to derive
humidity information (Soden and Bretherton, 1993).

The emission layer from which the major part of the emitted radiation for TB originates,
is located in the upper troposphere (Thomas and Stamnes, 2002). Below this layer, even
though the concentration of water vapor is much higher, the emitted radiation is largely
absorbed on its way up to the top of the atmosphere and only a small fraction is detected
by the satellite. Above this layer, the concentration of water vapor is very low and thus
the amount of emitted radiation is low, too. It is assumed, that most of the measured
signal originates from a rather thin layer where the optical thickness of the atmosphere
reaches one (Thomas and Stamnes, 2002).

Higher values of q increase the optical thickness and the emission layer shifts up to lower
T . Thus, an increase in q decreases the measured TB. In a warming climate, the tropical
average of the relative humidity of the upper troposphere is assumed to remain approxi-
mately constant (Soden and Held, 2006; Dessler et al., 2008). As a consequence, q has
to increase. The corresponding upward shift of the emission layer approximately balances
out the increase in T so that TB remains constant, too. Therefore, the traditional view
is that ∆TB describes a change in the upper tropospheric relative humidity (UTH). I de-
velop a new perspective, explaining changes in TB by changes in the single T and q profiles.

To simulate TB for model atmospheres, a radiative transfer model is needed. Radiative
transfer models calculate the interaction of electromagnetic radiation with the atmosphere.
Given atmospheric profiles as input, they simulate TB measured by satellite-based instru-
ments from space accounting for the specific instrument properties. I calculate the clear-
sky TB with RTTOV (Radiative Transfer for Television and Infrared Observation Satellite
Operational Vertical Sounder, Saunders et al., 2018), a fast radiative transfer model which
simulates TB with low computational effort by using a band-transmission method. This
means that the calculations are not performed for single frequencies, but instead, several
frequencies are treated as bands with the same absorption properties. For the results in
Chapter 3 and 4, I simulate TB for the water vapor channel 18 of the microwave instru-
ment AMSU-B (Advanced Microwave Sounding Unit-B, Robel et al., 2009; Saunders
et al., 1995). The channel is located at 183.31± 1GHz around the peak of a water vapor
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absorption line and has a total bandwidth of 1 GHz (Robel et al., 2009). In Chapter 5, I
compare my results to the simulated TB for the infrared instrument HIRS (High-resolution
Infrared Radiation Sounder, Robel et al., 2009). The water vapor channel for HIRS is
located at 6.7µm and has a much broader bandwidth of 87.6 cm−1 (≈ 2600 GHz).

A recent study by Lang (2019) detected differences in the simulated TB for the 1pctCO2
run of the MPI-ESM-LR calculated with different radiative transfer models of up to 2.5K.
In the study, calculations of TB with RTTOV were compared to calculations with the
radiative transfer model ARTS (The Atmospheric Radiative Transfer Simulator, Buehler
et al., 2018; Buehler et al., 2005; Eriksson et al., 2011). The difference between ARTS
and RTTOV increases for decreasing TB (Figure 2.1a). In a subsequent joint investigation
we were able to trace this differences back to the ability of both transfer models to handle
the relatively coarse vertical resolution for the CMIP5 models. A coarse vertical resolution
causes both ARTS and RTTOV to underestimate the simulated TB. This effect appears
to be stronger for RTTOV than for ARTS and produces the difference in TB. We were
able to reduce this difference by re-interpolating the profiles linearly to a higher vertical
resolution of 97 levels (Figure 2.1b).

In my thesis I only use TB calculated with RTTOV. As the results for RTTOV are not
compared to other radiative transfer models in this thesis and due to the high computa-
tional costs of calculating the results of all models for a higher vertical grid resolution,
I decided to not re-interpolate the data. This should be kept in mind when comparing
absolute values of ∆TB to calculations with other radiative transfer models.
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Figure 2.1: Brightness temperature for all tropical grid points for the
first month of the 1pctCO2 run in the climate model MPI-ESM-LR, calcu-
lated with the radiative transfer model ARTS (TB,ARTS) scattered against
calculated with the radiative transfer model RTTOV (TB,RTTOV) for the
original vertical resolution of 25 levels (left panel) and for data interpo-

lated on 97 vertical levels (right panel).



2.2. Stretching method 5

2.2 Stretching method

Previous studies have shown that the evolution of the mean atmospheric profiles in a
warming climate is close to an upward shift of the initial profiles (Zelinka and Hartmann,
2010; Kushner et al., 2001; Singh and O’Gorman, 2012; O’Gorman and Singh, 2013).
Therefore, I simplify the T and q profiles’ evolution in this thesis by vertically stretching
them. The method I use for the vertical stretching of the profiles is based on Singh and
O’Gorman (2012). Given control profiles of T and q, I stretch these profiles by interpolating
T and q to new pressure levels. The stretched profiles T ′ and q′ are calculated as

T ′(p) = T (βT p) (2.1)
q′(p) = q(βqp). (2.2)

The degree of stretching is determined by the stretching parameters βT and βq for T and
q, respectively. As illustrated in Figure 2.2 for T , the value of T ′ at p corresponds to the
value of T at p+ ∆p. The difference in pressure ∆p depends on βT :

∆p = βT p− p = p(βT − 1). (2.3)

In their study, Singh and O’Gorman (2012) used one fixed stretching parameter to stretch
all T and q profiles. As will be shown in Chapter 4, the profiles of T and q can evolve
differently for one grid cell. Therefore, I decided to use individual stretching parameters
of T and q. Furthermore, I calculate the optimal stretching parameters for each individual
grid cell instead of stretching all profiles homogeneously. Note that an equal stretching of
both profiles does not correspond to a constant relative humidity.

T0 + ∆TT0

Temperature in K

βT · p

p

P
re

ss
u

re
in

h
P

a ∆T

∆p

T

T ′

Figure 2.2: Illustration of the stretching method for the control temper-
ature profile (T , blue line) and the stretched temperature profile (T ′, red
line). ∆T is the difference between the value of the control temperature
profile T0 at the pressure level p and the value of the control temperature
profile at the pressure level p · βT , depending on the vertical stretching

parameter βT .

2.2.1 Connection to UTH

As already mentioned in Section 2.1, the traditional approach to interpret TB is to derive
information about the UTH. In this section I connect the UTH to a change in TB caused
by stretching the T and q profiles. I do so by drawing a rough connection between ∆TB



6 Chapter 2. Methods and data

and the difference of the stretching parameters βq − βT .

The UTH is defined as the relative humidity RH averaged over the emission layer of TB. It
is derived from TB using a simple relation which was first derived by Soden and Bretherton
(1993):

ln(UTH) = a+ bTB, (2.4)

where a and b are constants which are empirically determined. For AMSU-B a and b can
be looked up in Buehler and John (2005).

Because UTH is assumed to be RH in the emission layer, and because of the natural
logarithm in Equation 2.4, a change in TB is proportional to the relative change in RH in
the emission layer:

∆TB ∼ ∆RH

RH
, (2.5)

where ∆ denotes the difference between two profiles at one pressure level. RH is the ratio
of the partial pressure of water vapor in the air e and the water vapor pressure of saturation
es:

RH =
e

es
. (2.6)

Assuming, that the mass of the humid air mh can be approximated by the mass of dry air
md, the specific humidity q can be written as

q =
mv

mh
≈ mv

md
=
ρv
ρd
, (2.7)

wheremv denotes the mass of water vapor in the air and ρv and ρd are the partial densities
of water vapor and dry air, respectively. Applying the ideal gas law (IGL), e can be written
as

e = ρvRvT
(2.7)
= q ρdRvT

(IGL)
= q p · Rv

Rd
, (2.8)

where Rv/Rd ≈ 0.622 is the ratio of the specific gas constants for water vapor and dry
air, respectively. Inserting Equation 2.8 into Equation 2.6 gives

RH(p, q, T ) =
q p

es(T )
· Rv

Rd
(2.9)

and the relative change of RH from Equation 2.5 at a constant pressure level p turns to

∆RH

RH
=

∆( q
es(T ))
q

es(T )

∗
=
es(T )∆q − q∆es(T )

qes
=

∆q

q
− ∆es

es
, (2.10)

using the Quotient Rule in ∗. Using Clausius Clapeyron’s equation

∆es =
Qves
RvT 2

∆T, (2.11)

where Qv denotes the heat of condensation, Equation 2.10 can be written as

∆TB ∼ ∆RH

RH
=

∆q

q
− ∆T

T

Qv

TRv
, (2.12)
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connecting ∆TB to the difference of the relative change in q and the relative change in T .

After having found an approximate expression of ∆TB which depends on T and q, I derive
an expression for the stretching parameters which can be used to connect them to ∆TB.
As illustrated in Figure 2.2, the change in T due to a stretching of the profile at one
pressure level depends on the lapse rate at this level. Assuming linearity of the T profile
between two pressure levels, the temperature lapse rate ΓT is calculated by

ΓT =
∆zT

∆zp
, (2.13)

where ∆z denotes the vertical difference within one profile. For a vertical stretching the
ratio between the pressure shift ∆p from Equation 2.3 and the change in the T profile
∆T is equal to ΓT :

ΓT =
∆T

∆p
. (2.14)

Thus the change in T , resulting from a vertical stretching, gives

∆T = ΓT∆p = ΓT p(βT − 1). (2.15)

After rearranging Equation 2.15, the stretching parameter βT at the pressure level p is
represented by

βT =
∆T

ΓT p
+ 1. (2.16)

Similarly, the stretching parameter βq can be written as

βq =
∆q

Γqp
+ 1, (2.17)

where Γq denotes the lapse rate of q.

With regards to the connection of the stretching parameters and ∆TB, it is the difference
between the stretching parameters

βq − βT =
∆q

Γqp
− ∆T

ΓT p
, (2.18)

which has a form similar to Equation 2.5. Therefore, I expect ∆TB to be dependent on
the difference of the stretching parameters.

To open a new perspective on ∆TB the aim of this section was to find a relationship
between the conceptual model of vertical stretching and the traditional view that TB is
described by the UTH. I found the difference of the stretching parameters βq −βT to best
describe ∆TB in this context. Using this connection to the traditional view, I expect to
find a relationship between the difference in the stretching parameters and ∆TB.

2.2.2 Optimization of the stretching parameters

The new perspective on TB is that it can be explained by the vertical stretching of the
initial T and q profiles (2.1). In order to apply this new perspective to model data, I need
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to determine the stretching parameters which best describe the change of the control pro-
files to the profiles in a warmer climate, called warm profiles hereafter.

As illustrated in Figure 2.3, I determine the optimal stretching parameters by minimizing
the RMSE (Root-Mean-Square Error) between the stretched control profile and the warm
profile within an optimization layer between p0 = 400 and p1 = 200 hPa:

RMSE =

√√√√ 1

N

p1∑
p=p0

(
xstretched(p) − xwarm(p)

)2
, (2.19)

where xstretched and xwarm are values for q or T of the stretched and the warm profile,
respectively, and N is the number of vertical levels within the optimization layer. The
smaller the RMSE, the better the stretched profiles approximate the profiles of the warm
period.
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Tstretched

Figure 2.3: Illustration of the optimization method for the control
temperature profile (Tcontrol, blue line) and the warm temperature pro-
file (Twarm, red line). The dashed green lines indicate stretched control

temperature profiles (Tstretched) for different stretching parameters.

The control profiles for T and q, which are used for the optimization of the stretching
parameters βq and βT , are averaged over the first 30 years as control period. The warm
profiles for T and q are 30-year averages of the profiles in a warm period. I estimate the
optimal stretching parameters with respect to the control period for 17 different warm
periods. The warm periods start 5 years apart from each other. The first warm period is
from year 30 to 60, the last in the end of the model run from year 110 to 140. I calculate
the optimal stretching parameters βT and βq of all individual grid points in the tropics
(30◦N–30◦S) separately.

2.3 Model data

To test the new perspective on long term changes in TB, long time series of TB, T and
q are needed. Satellite measurements of TB are too short to investigate climatic trends.
Furthermore, measurements of T and q profiles are rare and their temporal and spatial
resolution is low. Therefore, I use model data instead.
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I use 20 global coupled circulation models (Table 2.1) which are all part of the fifth phase
of the Coupled Model Intercomparision Project (CMIP5, Taylor et al. (2012)). All models
are driven under standardized boundary conditions to make the results comparable. I use
data from the 1pctCO2 experiment (Taylor et al., 2012), where the CO2 concentration
increases by 1% per year to a quadrupling of the initial CO2 concentration after 140 years.
This induces a smooth global warming with an evolution of the CO2 concentration similar
to the projected CO2 concentrations for the current century.

Table 2.1: Table of used CMIP5 models, their transient climate re-
sponse (TCR, Flato et al., 2014) and the tropical average of the change
in brightness temperature (∆TB) from the control period (average over
years 0–30) and the last warm period (average over years 110–140) for

the 1pctCO2 run in each model, caluclated with RTTOV.

model TCR in K
Average ∆TB in

the tropcis
ACCESS1-3 1.7 -0.13
BCC-CSM1-1 1.7 -0.25
CanESM2 2.4 -0.5

CESM1-BGC 1.7 0.05
CCSM4 1.8 0.02

FGOALS-g2 1.4 -0.46
GFDL-CM3 2.0 -0.13

GFDL-ESM2G 1.1 -0.16
GFDL-ESM2M 1.3 -0.21
GISS-E2-H 1.7 -0.45
HadGEM-ES 2.5 0.03

IPSL-CM5A-LR 2.0 -0.27
IPSL-CM5A-MR 2.0 -0.49
IPSL-CM5B-LR 1.5 -0.03

MIROC5 1.5 -0.08
MIROC-ESM 2.2 -0.22
MPI-ESM-LR 2.0 -0.18
MPI-ESM-MR 2.0 0.04
NorESM1-M 1.4 0.05
NorESM1-ME 1.6 -0.03

For the radiative transfer simulations with RTTOV, all model inputs are interpolated to
a consistent pressure grid of 17 pressure levels between 1000 and 10 hPa. Furthermore,
I only use data for the tropics between 30◦N and 30◦S. In Chapter 3 and 4 I show the
results only for the Max Planck Institute Earth System Model (MPI-ESM, Giorgetta et al.
(2013)) in low-resolution configuration (LR) in detail. Its T63L47 model grid corresponds
to a horizontal resolution of approximately 1.9◦ and a vertical resolution of 47 levels ex-
tended to 0.01 hPa.
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Chapter 3

Influence of vertical stretching in
an idealized experiment

The goal of this thesis is to create a new perspective on ∆TB by connecting it to a vertical
stretching of the T and q profiles. As already mentioned in Section 2.2.1, I expect to find
a correlation between the difference of both stretching parameters and ∆TB. To test if
this approach is plausible, I investigate the general influence of stretching the T and q
profiles on ∆TB in an idealized experiment. First, I investigate the sensitivity of ∆TB to a
separate stretching of either T or q, while the other profile remains constant. Afterwards,
I investigate the sensitivity of ∆TB to a simultaneous stretching of both profiles with in-
dependent stretching parameters for T and q. In each case, I analyze the dependence of
∆TB on the difference of the stretching parameters.

For the idealized experiment, the tropical average of the control period (years 0–30) in the
MPI-ESM-LR is used as reference for T and q (Figure 3.1). In a first step, the T profile
remains unchanged at the control profile and the q profile is stretched in 40 equal steps for
βq in a range between 1 and 1.3. For each pair of profiles, ∆TB is calculated with respect
to TB of the control profiles. I repeat this method for an unchanged q profile, stretching
the T profile for βT in 40 equal steps in a range between 1 and 1.3. From Section 2.1, I
expect ∆TB to be proportional to the difference βq − βT . I expect ∆TB to be negative
when the q profile is stretched and positive when the T profile is stretched.
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Figure 3.1: Control profiles for temperature T (left) and specific hu-
midity q (right) for the idealized experiment.

The results of the influence on ∆TB of stretching T and q separately are shown in Fig-
ure 3.2. In this case, the difference βq − βT is positive for stretching q and negative for
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stretching T . As expected, ∆TB is negative when the q profile is stretched and positive
when the T profile is stretched. ∆TB changes approximately linearly with βq − βT . Fur-
thermore, the opposing influences of βT and βq on ∆TB have similar amplitudes for equal
stretching parameters. Thus, ∆TB is expected to be close to zero for an equal stretching
of T and q because their opposing influences on ∆TB cancel out.
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Figure 3.2: Change in brightness temperature (∆TB) scattered against
the difference in stretching parameters for the specific humidity and tem-
perature profiles (βq − βT ), for constant βq and βT ranging between 1
and 1.3 (red dots) and for constant βT and βT ranging between 1 and

1.3 (blue dots).

In a second step, I investigate the influence on ∆TB of a simultaneous stretching of both
profiles. To do so, I calculate ∆TB for 1600 pairs of stretched T and q profiles corre-
sponding to all possible combinations of 40 different values of βq and βT between 1 and
1.3. Again, the tropical mean profiles averaged over the control period (years 0–30) in
the MPI-ESM-LR are used as the control profiles for T and q. From my findings above
I expect ∆TB to be approximately zero for equal stretching parameters. For βq > βT I
expect ∆TB to be positive and negative for βq < βT .

The overall behavior of ∆TB in Figure 3.3 agrees with the results found for an individual
stretching. An increase of βq −βT corresponds to a decrease of ∆TB and vice versa. The
values of ∆TB for βq = βT are close to zero. Thus, ∆TB can indeed be interpreted as
a result of a vertical stretching. The lines of constant βq − βT in Figure 3.3 are roughly
parallel to lines of constant ∆TB. Furthermore, the distance of the lines of constant ∆TB
remains approximately constant. From this, I expect to find a linear relationship between
the difference of the stretching parameters and ∆TB for a simultaneous stretching of T
and q.

Figure 3.3 not only shows that the connection between ∆TB and βq − βT is likely to be
linear, but further gives information about the expected evolution of this connection. The
lines of constant ∆TB are not exactly parallel but diverge slightly for greater stretching
parameters. Thus, ∆TB gets less sensitive to the difference βq −βT as the climate warms
and the stretching parameters increase. Therefore, I expect the slope of the linear rela-
tionship between ∆TB and βq − βT to decrease as the climate warms.
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Figure 3.3: Dependence of the change in brightness temperature (∆TB)
on the stretching parameters βT for the temperature profile and βq for

the specific humidity profile.

A reason for this decreasing sensitivity of ∆TB on the stretching parameters could be
the temperature lapse rate feedback (Manabe and Stouffer, 1980; Mokhov and Akperov,
2006). In the tropics, the temperature lapse rate, called lapse rate hereafter, is close to the
moist adiabatic lapse rate due to strong convection. For increasing T the moist adiabatic
lapse rate decreases, and with it the actual tropical lapse rate, and the tropical mean T is
expected to increase more strongly in the upper troposphere than in the lower troposphere
(Manabe and Stouffer, 1980; Fu et al., 2011). As illustrated in Figure 3.4, a greater shift
in the emission layer is needed to reach the same ∆TB for a weaker lapse rate. In other
words, ∆TB is less sensitive to vertical stretching for a weaker lapse rate.

Stretching the control profile of T decreases the lapse rate in the upper troposphere.
Thus, as the stretching parameters increase, ∆TB gets less sensitive to their difference.
Therefore, the temperature lapse rate feedback could explain the divergence of constant
∆TB lines for increasing stretching parameters.

In Figure 3.5, all calculated values of ∆TB for the 1600 different pairs of stretching pa-
rameters are scattered against the difference of the corresponding stretching parameters.
There is indeed a strong linear relationship with a correlation coefficient below -0.99. The
relationship is similar to that found in Figure 3.2. The small spread can be explained by
the fact that the lines of constant ∆TB are not perfectly straight. Therefore, the value of
∆TB does not remain constant for a constant difference of the stretching parameters as
they increase.

As expected above from Figure 3.3, there is a small dependence of the linear relationship
on the value of the stretching parameters themselves (Figure 3.5). The slope of the lin-
ear relationship gets weaker as the stretching parameters increase. The linear fit for all
stretched profiles has a slope of -45.9K. For small values of βq and βT (between 1 and
1.05) the slope of the linear fit is -56.2K and for large values of βq and βT (between 1.25
and 1.3) the slope is weaker with only -42.4K.
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Figure 3.4: Illustration of the temperature lapse rate effect. The sim-
plified control temperature profile (blue line) has a steeper lapse rate than
the evolved warmer temperature profile (red line). The gray dotted lines
indicate the upward shift ∆zcontrol and ∆zwarm which is needed for the
control and warm profile, respectively, to reach the same temperature

difference.

The results of this chapter show that it is possible to connect ∆TB to a vertical stretching
of a single idealized T and q profile. There is a strong linear relationship between the
difference of the stretching parameters and ∆TB. This relationship depends to a small
degree on the stretching parameters themselves. The higher the stretching parameters,
the less sensitive is ∆TB to a difference of the stretching parameters. In the next Chapter
I investigate the ability of vertically stretching all individual tropical profiles to describe
the corresponding ∆TB.
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Figure 3.5: Dependence of the change in brightness temperature ∆TB
on the difference of the stretching parameters for specific humidity and
temperature (βq−βT ) for all 1600 pairs of 40 values of βq and βT between
1 and 1.3, respectively (green dots), small values of βq and βT between
1 and 1.05 (blue dots) and large values of βq and βT between 1.25 and

1.3 (red dots) and the respective linear fits (solid lines).
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Chapter 4

The new perspective in coupled
climate models

The results in Chapter 3 show that for an idealized experiment, there is a strong correlation
between ∆TB and the difference of the stretching parameters. Thus, the new perspective
on ∆TB is applicable to this idealized case. In this Chapter I test the applicability of
the new perspective to coupled climate models which simulate a more complex evolution
of the T and q profiles in a warming climate, which might differ from a simple vertical
stretching.

In Section 4.1 I investigate the ability of vertical stretching to describe the profiles’ evo-
lution in a warming scenario in the MPI-ESM-LR, first for the tropical mean and then for
all individual tropical profiles. In Section 4.2 I test the new perspective on ∆TB, again
for data from the MPI-ESM-LR. Finally, I extend the analysis to 19 further models from
the CMIP5 ensemble in Section 4.3 to test the new perspective on its robustness across
several climate models.

4.1 Vertical stretching in the MPI-ESM-LR

The main assumption of the new perspective on ∆TB is that stretching the T and q pro-
files is able to describe the actual evolution of the tropical profiles in a warming climate.
In this section I give an overview of the distribution of the optimized stretching parameters
βq and βT in the tropics and the ability of vertical stretching to represent the profiles’
evolution in a warming climate in the MPI-ESM-LR.

The stretched profiles correspond to the control profiles (average over years 0–30) for all
tropical grid cells, stretched by their optimal stretching parameters using the Equations
2.2 and 2.1. I optimize the stretching parameters as described in Section 2.2.2, by min-
imizing the RMSE between the stretched profiles and the 30-year mean profiles for the
17 different warm periods. I calculate the optimal stretching parameters for all individual
tropical profiles for T and q separately. In this section I compare the stretched profiles to
the warm profiles which should be approximated by the vertical stretching. All results are
shown for the last warm period (years 110–140).

4.1.1 Tropical average

Before I look at the individual profiles in the MPI-ESM-LR, I first investigate the ability
of the tropical mean of all stretched T and q profiles to describe the tropical mean of the
actual profiles’ evolution in this section.
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After stretching the profiles separately, I average the stretched profiles over the tropics
and compare the mean stretched T and q profiles to the tropical mean profiles of the last
warm period. Note that the average of the stretched profiles is not exactly equal, albeit
very similar, to stretching the tropical mean control profile by the mean stretching param-
eters. For the last warm period, the tropical mean values for the stretching parameters
are βq = 1.164 and βT = 1.156.

The mean stretched profiles of T and q match well with the tropical mean profiles of
the last warm period (Figure 4.1a and b) within the optimization layer for the stretching
parameters (400–200 hPa). The RMSE between the mean stretched profiles and the warm
profiles is small with values of 0.018 g kg−1 for q and 0.85K for T within the optimization
level.

However, for the new perspective it is not only the profile itself which has to fulfill the
assumption of stretching as a good approximation. Rather, it is the difference between the
stretched profile and the control profile which has to fit with the difference of the warm
profile and the control profile to represent the profiles’ evolution in a warming climate. To
account for this, I normalize the absolute errors of T and q by the difference in the warm
and the control profiles to obtain the relative error:

Erel =
xstretched − xwarm
xwarm − xcontrol

, (4.1)

where xstretched, xwarm and xwarm are values for either q or T of the stretched, the warm
and the control profile, respectively.

For the optimized layer, the relative error is below 14% for ∆q and below 10% for ∆T
(Figure 4.1c). For levels below and above the optimization layer, the relative error in-
creases. However, these layers are not primarily important for ∆TB because most of the
signal comes from the optimization layer. Thus, it can be concluded that for the tropical
average, stretching the T and q profiles is a good approximation of the profiles’ evolution
in the MPI-ESM-LR.

4.1.2 Individual profiles

Above I showed that averaged over the tropics, vertical stretching is a good approximation
of the actual profiles’ evolution. In this section I take a more detailed look at the profiles in
the individual grid cells of the MPI-ESM-LR. First, I analyze the distribution and range of
the optimal stretching parameters which were calculated in Section 4.1.1 for all individual
tropical profiles. Then, I investigate the ability of vertical stretching to describe the actual
evolution of these individual profiles. Furthermore, I analyze the distribution of the relative
error between the vertically stretched profiles and the warm profiles in the optimization
layer (400–200 hPa).

The tropical temperature distribution in the upper troposphere is very homogeneous
(Bretherton, 2000). Similarly, the distribution of βT is homogeneous over the tropics with
slightly increasing values towards the equator (Figure 4.2a). This matches with regions,
where the temperature change is strongest within the optimization layer (Figure A.2). The
spatial variance of βT for one warm period is much smaller than the change of its tropical
mean over time.
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Figure 4.1: Tropical mean of the control profile (blue), warm pro-
file (red) for the last warm period (years 110–140) and stretched profile
(green) for the temperature T (left panel) and specific humidity q (center
panel) as well as the relative error of the stretched profile to the warm
profile (right panel) normalized by the difference between the warm and

the control profile for T (red) and q (blue).

In contrast to βT , the distribution of βq is inhomogeneous (Figure 4.2b) and its spatial
variance of βq is much higher than the change of its tropical mean over time. The largest
values of βq are located in the subsidence zones over the East Pacific, over the Arabian
Sea and in the ITCZ (Inter Tropical Convergence Zone) regions over the Pacific. These
regions roughly match with the regions of the strongest surface warming over the ocean
(Figure A.7b). The range of βq is smaller for profiles over land than for profiles over
the ocean even though the changes in the near-surface temperature are largest over land
(A.7b). The reason for this is likely the limited water availability over land (Byrne and
O’Gorman, 2013) which not only causes the amount of near-surface specific humidity to
be less over land (Figure A.7c), but further reduces the increase in near-surface specific
humidity in a warming climate (Figure A.7d).

Even though the spatial distribution and variance of βT and βq differ, the tropical averages
of both stretching parameters develop similarly (Figure A.1). Both stretching parameters
increase by approximately 0.7% between two warm periods with a stronger increase for
later warm periods. As already mentioned in Section 4.1.1, for the last warm period the
mean values of the stretching parameters are βT ≈ 1.156 and βq ≈ 1.164.

The comparison of the individual T profiles of the warmer climate to the stretched con-
trol profiles shows that stretching the T profiles is a good assumption, not only for the
tropical average, but also for all individual profiles. The relative error of stretching T ,
normalized with the actual change ∆T , is below 7% for 90% of all tropical profiles (Fig-
ure 4.2c) within the optimization layer. The RMSE between the stretched T profiles and
the warm T profiles is below 2K in general and even below 1K for most tropical profiles
(Figure A.8a). The error is homogeneous in the deep tropics and reaches the highest
values in the subtropics.

Similar to the T profiles, stretching the q profiles is a good approximation for the evolution
of most individual tropical q profiles, as the relative error for ∆q is below 18% for 90%



18 Chapter 4. The new perspective in coupled climate models

Figure 4.2: Optimal stretching parameters for temperature (a) and
specific humidity (b) as well as the relative error of the stretched profiles
to the warm profiles, normalized by the difference between the warm and
the control profiles for the change in temperature (c) and the change in

specific humidity (d).

of all tropical profiles (Figure 4.2d) within the optimization layer. The RMSE is below
0.05 g kg−1 for most of the profiles (Figure A.8b). Over land the error for ∆q is the largest.
Apart from that, the error is particularly high in the ITCZ region over the Atlantic and
Pacific, the El Niño region and the region of the Indian and Australian Monsoon circulation
systems. As already mentioned by Singh and O’Gorman (2012), vertically stretching is
able to capture the vertical changes in the troposphere but not necessarily the horizontal
changes. Therefore, I suspect the evolution of the profiles in these regions to deviate from
a pure vertical stretching due to various additional impacts. Such impacts could be a
potential weakening of the Walker (Plesca et al., 2018; Sohn et al., 2019) and Hadley
circulations (Lau and Kim, 2015), a changing intensity (Stevenson, 2012; Kim and Yu,
2012) or frequency of the the El Niño phenomenon (not projected for MPI-ESM-LR; Cai
et al. (2014)), a narrowing (Byrne and Schneider, 2016) or weakening of the ITCZ (Byrne
et al., 2018) and a shift and change in intensity of the Monsoon systems (Hsu et al., 2012;
Wang et al., 2014). Still, the errors in these regions are small and thus vertical stretching
is able to describe the evolution of most individual tropical q profiles.

From the results of this section it can be concluded that vertically stretching is able to
describe most of the changes in the optimization layer, which corresponds approximately
to the emission layer of TB for water vapor channels. Therefore, vertical stretching is a
suitable simplification for investigations on ∆TB in a warming climate.
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4.2 The new perspective in the MPI-ESM-LR

In Chapter 3 I showed for an idealized experiment that changes in TB are connected to a
vertical stretching of the T and q profiles. Furthermore, I showed above that the simplifica-
tion of vertical stretching is able to describe the major profile changes in the MPI-ESM-LR.
In this section, I show that this opens a new perspective on ∆TB which is also applicable
for model data from the MPI-ESM-LR and test if the results for the model match with
the results from the idealized experiment in Chapter 3. First, I analyze the distribution of
∆TB in the MPI-ESM-LR and compare it to the distribution of the stretching parameters.
Second, I apply the new perspective on ∆TB to the MPI-ESM-LR by connecting ∆TB to
the difference of the stretching parameters. Finally, I compare the results to the idealized
experiment.

In the MPI-ESM-LR the tropical mean of ∆TB is slightly negative for all warm peri-
ods. The largest difference to the control period appears in the last warm period with
∆TB ≈ −0.18K. In comparison, the local values of ∆TB are in the order of 10 times
larger (Figure 4.3) and the spatial distribution of ∆TB is inhomogeneous. The largest
negative changes in TB are located over the East and Middle Pacific, the Arabian Sea and
the South Atlantic Ocean. The largest positive values of ∆TB are located over Oceania,
Madagascar, South America and over the Atlantic ITCZ region.

Figure 4.3: Change in brightness temperature in the MPI-ESM-LR,
simulated for AMSU-B (183.31± 1GHz) between the control period (av-
eraged over years 0–30) to the last warm period (averaged over years

110–140) as well as its zonal average (right sub-panel).

When comparing the regional distribution of ∆TB to the distribution of the stretching
parameters, the overall patterns of ∆TB match notably well with the patterns of βq. This
is an indication that the new perspective is also applicable for the MPI-ESM-LR. Further-
more, I expect the connection of ∆TB to the stretching parameters to be mostly driven by
βq because βT is homogeneous over the tropics. Therefore, even though the connection
in the idealized experiment shows that ∆TB depends on the difference of both stretching
parameters, I expect βq to be the crucial parameter determining the distribution of ∆TB
in the model with only a slight dependence on βT .

Applying the new perspective to the MPI-ESM-LR, there is indeed a strong linear de-
pendence of ∆TB on the difference of the optimized stretching parameters for T and q
(Figure 4.4a). The correlation is below −0.84 for all 17 warm periods and even below −0.9
for later warm periods (Table 4.1). Thus, the new perspective on ∆TB is also applicable
for the individual tropical profiles from the MPI-ESM-LR.

The relationship between ∆TB and βq − βT for the individual profiles of the MPI-ESM-
LR changes similarly to the idealized experiment in Chapter 3. As in the idealized case



20 Chapter 4. The new perspective in coupled climate models

Table 4.1: Table of the parameters for the linear relationship between
∆TB and βq − βT and its correlation for all 17 warm periods in the
MPI-ESM-LR. A linear relationship is described by the slope m and the

intercept b.

Warm
period

Year m in K b in K
Correlation
coefficient

1 30-60 −37.46 −0.22 −0.86
2 35-65 −34.97 −0.23 −0.86
3 40-70 −30.91 −0.21 −0.85
4 45-75 −31.36 −0.24 −0.85
5 50-80 −30.81 −0.27 −0.85
6 55-85 −31.29 −0.26 −0.84
7 60-90 −30.83 −0.27 −0.86
8 65-95 −30.03 −0.26 −0.86
9 70-100 −30.83 −0.28 −0.86
10 75-105 −28.04 −0.22 −0.89
11 80-110 −27.36 −0.19 −0.90
12 85-115 −27.01 −0.17 −0.90
13 90-120 −25.86 −0.12 −0.92
14 95-125 −24.90 −0.06 −0.93
15 100-130 −25.47 −0.03 −0.93
16 105-135 −25.54 0.01 −0.94
17 110–140 −25.72 0.03 −0.94

(Figure 3.5), for increasing stretching parameters the slope is decreasing (Figure 4.4b, Ta-
ble 4.1). The suspected reason for this decrease in sensitivity of ∆TB on vertical stretching
is a decrease of the lapse rate within the emission layer as the climate warms, as described
in Chapter 3.

These similarities are also evident in the dependence of ∆TB on the individual stretching
parameters (Figure 4.5a). As in the idealized experiment (Figure 4.5b), ∆TB is mostly
positive for βq < βT and mostly negative for βq > βT , even though ∆TB is less sensitive
on the stretching parameters. For βq = βT the values of ∆TB are close to zero. Similar
to the idealized experiment, equal stretching corresponds to a slightly negative ∆TB for
small stretching parameters which increases for larger stretching parameters.

A more detailed analysis of the connection of ∆TB to the stretching parameters reveals
some differences between the model data and the idealized experiment. The slope of the
dependence of ∆TB is generally weaker for the MPI-ESM-LR than for the idealized case
(Figure 3.5) for all 17 warm periods. Part of the reason is that the range of the appearing
stretching parameters in the model differs from the range of the stretching parameters
used in the idealized experiment. Repeating the idealized experiment using only pairs of
βq and βT which occur in the model, slightly reduces the slope of the connection between
∆TB and βq − βT (Figure A.4).

Another probably more important reason for this difference might be other atmospheric
processes which are not captured by a vertical stretching and additionally influence ∆TB.
When comparing the actual ∆TB to ∆TB resulting from vertically stretched profiles (Fig-
ure 4.6), the actual change is much weaker. Thus, there must be additional influences
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Figure 4.4: Change in brightness temperature (∆TB) as a function
of the difference of the optimal stretching parameters for the specific
humidity and temperature βq − βT (left panel) and the corresponding
linear fits (right panel) for all 17 warm periods between the years 30–60

(beige line) and the years 100–140 (dark green line).

on ∆TB which are not captured by the vertical stretching. One of these additional influ-
ences might be that actual change in the lapse rate is slightly underestimated (Singh and
O’Gorman (2012), their Figure 7b and 10b)

Regardless of the difference in the slope, there is still a high correlation between ∆TB
for the model and for the stretched profiles as well as between ∆TB and βq − βT . This
shows that the additional processes produce systematic differences in ∆TB. Nevertheless,
the new perspective is applicable to model data, even though it has to be kept in mind
although there are differences between the idealized experiment and the profiles’ evolution
in the model.

−3

−2

−1

0

1

2

3

∆
T
B

in
K

1.0 1.1 1.2 1.3
βT

1.0

1.1

1.2

1.3

β
q

1.0 1.1 1.2 1.3
βT

1.0

1.1

1.2

1.3

Figure 4.5: Dependence of the change in the simulated brightness tem-
peratures (∆TB) on the optimal stretching parameters βT and βq for the
temperature and specific humidity profiles in all 17 warm periods for all
tropical profiles in the MPI-ESM-LR (left panel) and for the profiles of

the idealized experiment in Chapter 3 (right panel).
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4.3 Robustness of the new perspective across the CMIP5
ensemble

In the previous Section I showed that the new perspective of ∆TB is applicable for the
CMIP5 model MPI-ESM-LR. However, even if all CMIP5 models are driven by the same
external forcing, they differ remarkably in some of their results for the climate sensitivity
and the upper tropospheric water vapor (Jiang et al., 2012; John and Soden, 2007). These
differences lead in turn to different results for the simulated ∆TB (Figure 4.7a). To test if
the new perspective is applicable for different models and if there are noticeable differences
in the results for the new perspective, I repeat the methods from Section 4.2 for 19 further
available CMIP5 models.

First, I calculate the optimized stretching parameters βq and βT for all models and com-
pare the tropical mean, distribution and ranges of the stretching parameters. Then, I show
that in all used models, ∆TB is connected to the difference of the stretching parameters
of T and q and that thus the new perspective on ∆TB is applicable. Finally, I focus
on differences between the models in their relationship between ∆TB and the stretching
parameters and connect those differences to the transient climate response of each model.

Figure 4.6: Change in brightness temperature (∆TB) for all tropical
grid cells in the MPI-ESM-LR scattered against the change in brightness
temperature simulated for the stretched profiles between the control pe-

riod (years 0–30) and the last warm period (years 110–140).

The tropical means of both stretching parameters develop similarly for every model (Fig-
ure 4.7b). Even though the range of βq and βT differs over all models, their difference
βq − βT is close to zero over the whole time series. For most of the models, βT increases
slightly stronger in the first warm periods and is overtaken by βq in the latest warm periods.
In line with the small difference of the stretching parameters, ∆TB is also rather small
with mostly negative changes of less than −0.5K for all models (Figure 4.7a, Table 2.1).

For the individual profiles of all models, the spatial distribution of βT is homogeneous
(Figure A.5), whereas the spatial distribution of βq is inhomogeneous (Figure A.6), similar
to the MPI-ESM-LR. However, the patterns of βq are rather different for all models. The
only similarity in the distribution of βq is that for most models βq reaches a maximum at
the equator over the Pacific and for some models over the Arabian Sea.
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Figure 4.7: Evolution over all 17 warm periods of the tropical mean of
the change in brightness temperature (∆TB) (left panel) and the tropi-
cal mean of the optimal stretching parameters for temperature (βT ) and

specific humidity (βq) (right panel) for 20 different CMIP5 models.

Although the range and distribution of the stretching parameters differs strongly over
all CMIP5 models, there is a strong connection between ∆TB and the difference of the
stretching parameters for each model (Figure 4.8). Thus, the new perspective on ∆TB is
applicable to every used CMIP5 model, even though the simulated ∆TB and the stretch-
ing parameters differ across the models. The correlation coefficient between ∆TB and the
difference of the stretching parameters is below −0.7 in all 17 warm periods for all models.
For the last warm period the correlation is stronger, below −0.8 for almost all models and
for some even below −0.9.

Even though the new perspective on ∆TB is applicable to every tested model, there are
some noticeable differences in the relationship between ∆TB and βq−βT across the mod-
els (Figure 4.8). The slope of the relationship for the last warm period differs strongly
over all models (Figure 4.8). Furthermore, the slope of the linear relationship decreases
with increasing stretching parameters but the decrease differs for all models (Figure 4.9).

Models with rather small values of ∆TB and βq − βT tend to have steeper slopes and
weaker changes of the slopes than models with greater ranges for ∆TB and βq − βT
(shown for the last warm period in Figure 4.8). The range of the difference of the stretch-
ing parameters βq − βT depends on the range of the individual stretching parameters βq
and βT themselves. Smaller stretching parameters also result in a smaller difference of
the stretching parameters. Therefore, models with stronger increases in βq and βT show
stronger changes in the slope than models with weaker increases in βq and βT . This is
in line with the expectations in Chapter 3 that ∆TB gets less sensitive to stretching with
increasing stretching parameters.

The suspected reason for these differences in the slopes (Figure 4.9) is that the sensitivity
of ∆TB to stretching depends on the temperature lapse rate. As the stretching parameters
increase, the temperature lapse rate decreases. This results in a decreasing sensitivity of
∆TB on vertical stretching because the same shift of the emission layer leads to a smaller
change in TB for a steeper temperature lapse rate (see Chapter 3).
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Figure 4.8: Change in brightness temperature (∆TB) for all tropical
grid cells as a function of the difference of stretching parameters βq − βT
(dots) and the corresponding linear fit (line) for the last warm period

(years 110–140) for 20 different CMIP5 models.
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Figure 4.9: Linear relationship between the change in brightness tem-
perature (∆TB) and the difference of stretching parameters (βq−βT ) for
all 17 warm periods between the years 30–60 (beige lines) and the years

100–140 (dark green lines) for all used CMIP5 models.
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A further investigation of the differences reveals that the slope of the linear relationship
between ∆TB and βq − βT correlates with the transient climate response (TCR) of the
individual models (Figure 4.10, Table 2.1). The TCR is defined as the change in global and
annual mean surface temperature in the 1pctCO2 run and calculated using the difference
between the start of the experiment and a 20-year period centered on the time of CO2

doubling (Flato et al., 2014). The TCR is a good indicator of the influence of an increase
in CO2 on the temperature profiles in the tropics. Models with a weaker increase of the
stretching parameters within the model run correspond to a weaker increase of the surface
temperature and thus to a smaller TCR. Thus, models with a steeper slope tend to have
a smaller TCR.
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Figure 4.10: Linear relationship between the change in brightness tem-
perature (∆TB) and the difference of stretching parameters (βq − βT )
for the last warm period (years 110–140) (left panel) for all models and
the corresponding slopes scattered against the transient climate response

(TCR) of the respective model.

In this section the new perspective was tested on its robustness over 20 CMIP5 models.
The models differ in the evolution of ∆TB as well as in the spatial distribution and temporal
evolution of the stretching parameters. Nevertheless, I find a strong correlation between
∆TB and the difference of the stretching parameters βq−βT in all models. Therefore, the
new perspective is applicable for all used CMIP5 models. This gives confidence that the
new perspective might open new applications for satellite measurements. The slope of the
relationship between ∆TB and βq − βT depends on the values of βq and βT themselves.
The suspected reason for this is a decreasing sensitivity of ∆TB on stretching due to a
decrease in the temperature lapse rate. The magnitude of the slope’s change within the
model run differs for individual models and correlates with its climate sensitivity represented
by the TCR.
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Chapter 5

Dependence on the
measurement instrument

In the previous chapter I showed that the new perspective on ∆TB is robust for all used
CMIP5 models. This gives confidence that the new perspective could also be applied to
other satellite measurements. As already mentioned in Section 2.1, there are two fre-
quency ranges that are most sensitive to changes in the upper tropospheric humidity. One
frequency range lies in the microwave range and the other in the infrared range. In this
thesis ∆TB was calculated for the microwave radiometer AMSU-B for the water vapor
channel 18 which is located at 183.31± 1GHz (Section 2.1).

A recent study by Lang (2019) shows a dependence of ∆TB on the measurement instru-
ment for AMSU-B and the infrared radiometer HIRS. Lang (2019) suspects the cause of
this dependence in the different radiometric properties of both instruments (Lang (2019),
her Figure 4.3). The absorption lines are subject to the so-called pressure broadening effect
(Baranger, 1958), which increases the thickness in the flanks of absorption lines for higher
pressures. As a result, radiation at frequencies in the flanks is absorbed more efficiently on
its way up to the top of atmosphere and a larger part of the received signal comes from
higher altitudes.

In a warming climate, the emission layer of TB shifts up to lower pressures and the pressure
broadening effect on the absorption lines is reduced. Thus, a larger amount of the signal
of TB comes from lower, warmer parts of the emission layer. The sensitivity of TB on the
reduced pressure broadening depends on the frequency range. The water vapor channel
of AMSU-B lies in a frequency range close to the peak of the 183.31GHz absorption line
and is thus only slightly affected by the reduced pressure broadening. In contrast, HIRS
measures in a broad absorption band around 6.7µm including many absorption lines and
their overlapping flanks. These overlapping flanks are highly affected by the reduced pres-
sure broadening. Because of this, as the emission layer shifts upwards and the pressure
broadening weakens, the measured ∆TB is more positive for HIRS than for AMSU-B.

To make the new perspective applicable to satellite measurements, it is necessary to inves-
tigate the effect of using different measurement instruments on the relationship between
∆TB and βq − βT . In this chapter, I analyze this difference for HIRS and AMSU-B. To
do so, I repeat the idealized experiment from Chapter 3 for HIRS and compare the depen-
dence of ∆TB on βq − βT to AMSU-B for data from the MPI-ESM-LR.

Before investigating the impact of using HIRS instead of AMSU-B on the results from
Chapter 3 in detail, I want to roughly portray what differences I expect for HIRS. Fig-
ure 5.1 summarizes my expectations. Keeping βq constant and only stretching the T
profile (Figure 5.1a), the emission layer remains at the same height and the effect of
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pressure broadening does not change. Therefore, I do not expect any differences for the
dependence of ∆TB on βT as both instruments should measure in similar layers in the
upper troposphere.
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Figure 5.1: Illustration of the expected qualitative relationship between
the change in brightness temperature (∆TB) and the stretching parameter
for the temperature profile (βT ) for setting the stretching parameter for
the humidity profile (βq) to one (left panel), between ∆TB and βq for
βT = 1 (center panel) and between ∆TB and βq − βT (right panel) for

AMSU-B (dashed green lines) and HIRS (dashed oranges lines).

Keeping βT constant and stretching the q profile (Figure 5.1b), the dependence of ∆TB
on βq should differ for both instruments, as the upward shift of the emission layer to lower
pressures changes the weighting of T within the emission layer differently. Because mainly
HIRS is affected by the reduced pressure broadening, I expect the decrease of ∆TB with
increasing βq to be weaker for HIRS than for AMSU-B for constant βT .

As a consequence of the expected dependence of ∆TB on βq and βT from above, the
resulting dependence on βq − βT should be weaker for HIRS than for AMSU-B (Fig-
ure 5.1). For increasing βT the dependence of ∆TB should be equal for both instruments
but the decrease of ∆TB for an increase of βq should be reduced for HIRS. Together,
this would lead to a weaker decrease, and thus a weaker dependence of ∆TB, as the dif-
ference βq−βT increases. Therefore, I expect ∆TB to be less negative for HIRS for βq > 1.

I investigate the difference of the relationship between ∆TB and the stretching parameters
for HIRS and AMSU-B by simulating TB for both instruments using RTTOV. ∆TB is cal-
culated for the same profile data I used in the idealized experiment in Chapter 3. The data
consists of all 1600 possible combinations of stretched T and q profiles, corresponding to
40 different values of βq and βT between 1 and 1.3. The control profiles of T and q are the
tropical mean profiles averaged over the control period (year 0–30) of the MPI-ESM-LR.

Figure 5.2 shows the dependence of ∆TB on both stretching parameters (Figure 5.2a, b)
and on their difference (Figure 5.2c). The dependence of ∆TB on βT is weaker for HIRS
than for AMSU-B. This was not expected because the emission layer is not shifted or
changed in shape. The reason for this are slightly different weighting functions within the
emission layer of TB for HIRS and AMSU-B (John et al., 2011). If the lapse rate changes,
this will lead to a difference in ∆TB.

The dependence of ∆TB on βq (Figure 5.2b) is much weaker for HIRS. This is in line
with the suspicion that the water vapor channel of HIRS is much more sensitive to the
reduced pressure broadening effect, while AMSU-B remains largely unaffected. For HIRS,
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Figure 5.2: Relationship between the change in brightness temperature
(∆TB) and the stretching parameter for the temperature profile (βT ) for
setting the stretching parameter for the humidity profile (βq) to one (left
panel), between ∆TB and βq for βT = 1 (center panel) and between
∆TB and βq − βT (right panel) for AMSU-B (dashed green lines) and
HIRS (dashed oranges lines). The brightness temperatures are simulated

for idealized profiles from Chapter 3 for the MPI-ESM-LR.

the shift of the emission layer to lower pressures changes the weighting function within
the emission layer so that more signal for ∆TB comes from lower levels. Therefore, the
decrease in ∆TB is weaker for an increase in βq and an upward shift of the emission layer
to lower pressures and lower temperatures.

The linear relationship of ∆TB on βq −βT for all 1600 stretched profiles shows two differ-
ences for HIRS and AMSU-B (Figure 5.2c). First, the slope of the relationship is weaker
for HIRS. One reason for this is the expected influence of the reduced pressure broadening.
Another reason is the lower sensitivity of ∆TB to changes in βT for HIRS (Figure 5.2a).
Second, the mean value of ∆TB is higher for HIRS. The reason is the additional positive
bias in ∆TB for βq > 1. Stretching the profiles equally, this positive bias leads to a
stronger increase of ∆TB for HIRS.

The differences between HIRS and AMSU-B in the dependence of ∆TB that are pointed
out in Figure 5.2a and b are also visible in the contour plot in Figure 5.3. For increasing
βq, the decreasing pressure broadening effect weakens the decrease of ∆TB for HIRS. Fur-
thermore, ∆TB measured by HIRS is less sensitive to an increase in βT because the shape
of the emission layer for HIRS differs from AMSU-B. Both effects, combined with possible
additional effects, cause the lines of constant ∆TB to be further apart from each other
for HIRS. Lines of constant ∆TB have a steeper slope for HIRS and diverge slightly for
increasing stretching parameters, similar to AMSU-B (Chapter 3). Therefore, a decreasing
slope of the linear relationship with increasing stretching parameters as a possible result
of the change in the lapse rate is also found for HIRS.

The differences between HIRS and AMSU-B found for the idealized atmospheres (Fig-
ure 5.2) agree well with the results using data from the MPI-ESM-LR (Figure 5.4). For
the last warm period the correlation between ∆TB and βq − βT is similar for HIRS and
AMSU-B with high values of -0.93 and -0.94, respectively. As expected from the idealized
experiment above, the slope of the linear fit is weaker for HIRS than for AMSU-B and
weakens for increasing stretching parameters (Figure A.3), similar to AMSU-B. Further-
more, the mean value of ∆TB for the last warm period is less negative for HIRS which
might be caused by the reduced pressure broadening.
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Figure 5.3: Dependence of the change in brightness temperature (∆TB)
on the individual stretching parameters βT for temperature and βq for
humidity, simulated for AMSU-B (left panel) and HIRS (right panel).

The gray dotted line indicates the one-to-one line.

In conclusion, the new perspective is robust for HIRS and AMSU-B, although the relation-
ship between ∆TB and βq − βT differs for both measurement instruments. The negative
relationship between ∆TB and βq −βT is weaker for HIRS than for AMSU-B. One reason
for this is the difference in the weighting functions within the emission layer, which leads to
a lower sensitivity of ∆TB on a vertical stretching for HIRS. Additionally, it seems plausible
that the reduction of pressure broadening for an upward shift of the emission layer mainly
affects HIRS and further reduces the sensitivity. However, these factors might not be the
only reasons for the difference in sensitivity for HIRS. In any case, it should be kept in
mind that TB changes differently for both instruments when applying the new perspective
to satellite measurements.

Figure 5.4: Dependence of the change in brightness temperature (∆TB)
on the difference of the optimized stretching parameters (βq − βT ) for all
tropical grid cells for the last warm period (years 110–140) in the MPI-

ESM-LR for AMSU-B (green) and HIRS (orange).
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Chapter 6

Conclusions

The brightness temperature (TB) of the upper troposphere is measured for water vapor
channels in the infrared and microwave region. The traditional view is that TB corresponds
to the relative humidity in the upper troposphere. I developed a new perspective on the
change of the brightness temperature ∆TB in a warming climate. The new perspective
connects ∆TB with a vertical stretching of the specific humidity (q) and (T ) profiles.
Vertical stretching is a process which is able to describe a major part of the atmospheric
profiles changes in a warming climate. The new perspective allows to interpret ∆TB not
only as a function of a change in the relative humidity, but also as a consequence of a
different evolution of the T and q profiles.

First, I investigated the dependence of ∆TB in an idealized experiment by stretching one
T and q profile individually and calculating the corresponding ∆TB. There is a strong
linear dependence of ∆TB on the difference of the respective stretching parameters for
T and q. When q is stretched stronger than T , ∆TB is negative. A stronger stretching
of T causes a positive ∆TB. The values of ∆TB for a similar stretching of T and q are
small even though they increasingly deviate from zero with increasing stretching parame-
ters. Furthermore, the sensitivity of ∆TB to a vertical stretching decreases with increasing
stretching parameters. This is likely caused by a decrease in the temperature lapse rate
due to vertical stretching.

Second, I showed that stretching is a good approximation of the T and q profiles actual
evolution in the CMIP5 model MPI-ESM-LR. Within a layer between 400 and 200 hPa the
error of the stretched profiles compared to the actual profile normalized with ∆T is below
7% for most T profiles and below 18% for q. The corresponding optimal stretching pa-
rameters for q are variable in their spatial distribution and temporal evolution. In contrast,
the stretching parameters for T are distributed very homogeneous and evolve uniformly.
However, the tropical means of both stretching parameters evolves similarly.

Third, I investigated if the new perspective is applicable for the MPI-ESM-LR. To do so,
I calculated the optimal stretching parameter for every T and q profile in the tropics. I
showed that the new perspective is applicable for the MPI-ESM-LR. The correlation of
∆TB and the difference of the stretching parameters is strong with values even below
-0.9 towards the end of the time series. The dependence of ∆TB on the difference of the
stretching parameters in the model is similar to the idealized experiment, even though a
bit weaker. As in the idealized experiment the dependence of ∆TB on a vertical stretching
weakens with increasing stretching parameters.

Fourth, I tested the robustness of the results across 20 models of the CMIP5 ensemble.
The new perspective is applicable for all used models with high correlation values for the
last warm period below -0.8 for almost all models. This is an encouraging result, having
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in mind that the spatial distribution and temporal evolution of the stretching parame-
ters and ∆TB have a wide spread across the models. The slope of the linear connection
between ∆TB and the stretching parameters is depending on the models climate sensitivity.

Additionally, I tested the robustness of the new perspective for two different measurement
instruments AMSU-B and HIRS. The applicability of the new perspective is independent
of the measurement instrument that is used for the simulations of TB. However, the
sensitivity of ∆TB on the difference of the stretching parameters is weaker for HIRS. A
possible reason for that is the reduced pressure broadening caused by an upward shift of
the emission layer which influences HIRS stronger than AMSU-B. This should be kept in
mind when it comes to comparing satellites measurements of ∆TB to model data.

The aim of this thesis was to introduce a new perspective on ∆TB by connecting it to
a vertical stretching of the T and q profiles. The new aspect of this perspective is that
it does not rely on interpreting the absolute values of TB in order to interpret its change
∆TB. Instead, it focuses on directly interpreting ∆TB by connecting it to a process of
vertical stretching which is able to describe a major part of the evolution of the T and
q profiles in a warming climate in all models used in this thesis. I showed that the new
perspective is robust and applicable across 20 CMIP5 climate models. The new perspective
offers an alternative view which can be used to interpret ∆TB in a warming climate and
it opens up new possibilities to evaluate climate model predictions.
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Appendix A

Appendix

A.1 Availability of the script code

All scripts used in this thesis, are written in python and are available on request. This
includes a python wrapper for the radiative transfer model RTTOV. For access to the
scripts, please contact me at lau_die@gmx.de.

A.2 Supplementary Figures
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Figure A.1: Evolution over all 17 warm periods of the tropical mean of
the optimal stretching parameters for temperature (βT ) and for specific
humidity (βq) in the MPI-ESM-LR. The gray dotted line indicates the

one-to-one line.
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Figure A.2: Change in temperature ∆T averaged over the optimization
layer (400–200 hPa) from the control period (0–30) to the last warm

period (110–140) in the MPI-ESM-LR.
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Figure A.3: Linear fit of the change in brightness temperature (∆TB)
with respect to the difference of the optimal stretching parameters for the
specific humidity and temperature βq−βT for all 17 warm periods between
the years 30–60 (beige line) and the years 100–140 (dark green line) in

the MPI-ESM-LR for HIRS (left panel) and AMSU-B (right panel).

Figure A.4: Change in brightness temperature (∆TB) as a function
of the difference of the optimal stretching parameters for the specific
humidity and temperature βq−βT and the corresponding linear fits for all
profiles in the idealized experiment (bright green, Chapter 3), the MPI-
ESM-LR model data for th last warm period (years 110–140) (green)
and for profiles in the idealized experiment which correspond to a similar
stretching as in the last warm period in the MPI-ESM-LR (dark green).
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Figure A.5: Optimal stretching parameters (βT ) for temperature pro-
files for 20 different CMIP5 models. The models are sorted by their tran-

sient climate response (TCR) from low to high TCR values.
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Figure A.6: Optimal stretching parameters (βq) for specific humidity
profiles for 20 different CMIP5 models. The models are sorted by their

transient climate response (TCR) from low to high TCR values.
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Figure A.7: Surface temperature (Tsurface, a) and its change (∆Tsurface,
b) between the last warm period (years 110–140) and the control period
(years 0–30) in the MPI-ESM-LR. Same for the surface specific humidity

(qsurface, c) and its change (∆qsurface, d).

Figure A.8: Root-Mean-Square Error (RMSE) averaged over the opti-
mization layer (400–200 hPa) between the stretched and the warm profiles
for temperature (T , a) and specific humidity (q, b) in the MPI-ESM-LR
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