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Abstract
The tropical tropopause layer (TTL) acts as the gateway for water vapor and other chemical

tracers to the stratosphere, and is important for the chemical composition and radiative bal-

ance. In this thesis, two reanalyses from the European Center for Medium-Range Weather

Forecasting (ECMWF), ERA5 and ERA-Interim, are evaluated and compared to GPS Radio

Occultation (GPS-RO), as an extension and deepening of the SPARC Reanalysis Intercom-

parison Project (S-RIP) report, Chapter 8 (under revision) and Tegtmeier et al., 2020. The

temperature and height of two tropical tropopause de�nitions are studied from 2007-2018,

the cold point tropopause (CPT) and the lapse rate tropopause (LRT). The aim of the thesis

is to compare the newly published ERA5 to its predecessor, ERA-Interim, by using satellite

data as a reference point, and evaluate if seasonal and interannual variations are well rep-

resented in reanalyses when compared to GPS-RO. The updates in ERA5 includes highly

improved temporal and spatial resolution, new model cycle and assimilation of more obser-

vations.

The climatological tropical annual mean temperature bias is positive and the height bias is

negative for both reanalyses relative to GPS-RO. ERA5 has the smallest differences for both

tropopause de�nitions, 0.2 K for CPT and 0.1 K for LRT, likely due to high vertical resolu-

tion, representing small changes in the temperature pro�les accurately. The larger differences

in ERA-Interim, 0.4 K for CPT and 0.7 K for LRT, maximises over central Africa and east

Paci�c.

The seasonal cycle is well represented in ERA5, while the tropopause height difference

varies considerably throughout the year in ERA-Interim. Areas with increased CPT temper-

ature biases are central Africa, the maritime continent and the east Paci�c, which maximise

during March and April for ERA5 (+0.4 K) and during January and February for ERA-

Interim (+0.8 K). The effect of the El Niño Southern Oscillation (ENSO) is studied and the

difference between ERA5 and GPS-RO is not enhanced during ENSO events, while the LRT

temperature bias in ERA-Interim shows a small increase over the maritime continent during

La Niña events. The shift in location of the lowest temperatures and highest altitudes during

boreal summer to the area of the Asian summer monsoon region is captured by both reanal-

yses. ERA5 and ERA-Interim have enhanced CPT temperature biases south of the Indian
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peninsula, and an additional LRT temperature and height maximum is found over the Ara-

bian peninsula in ERA-Interim.

ERA5 produces tropical tropopause temperatures and heights in close agreement to GPS-

RO, and improves the representation of the tropopause compared to its predecessor, ERA-

Interim.
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1 Introduction
The tropical tropopause layer (TTL) holds properties of both the static stable stratosphere

and the well-mixed troposphere and acts as a gateway for air transported to the stratosphere.

The entrainment of water vapor (WV) into the stratosphere is important for the chemical

composition and is regulated by the low temperature in the upper boundary of the TTL, as

WV undergoes freeze-drying here (Brewer, 1949). Air entering the stratosphere through

the TTL can have an impact on the chemistry in this layer by contributing to ozone budget

and change the radiative balance in the troposphere and the stratosphere (Fueglistaler et al.,

2009). Two tropopause de�nitions are used in this thesis, 1) the cold point tropopause (CPT),

which is the altitude at which the minimum temperature is found in the vertical temperature

pro�le (Highwood and Hoskins, 1998) and 2) the lapse rate tropopause (LRT) , de�ned as

the lowest level at which the lapse rate decreases to 2� C/km or less (WMO, 1957).

The upper TTL is affected by both annual and interannual variations. The tropopause has

been documented in several studies to be coldest and highest during boreal winter (Seidel

et al., 2001, Fueglistaler et al., 2009), mainly due to the Brewer-Dobson Circulation (BDC),

which transports air from the tropical troposphere, through the TTL and to the stratosphere,

and sinks at higher latitudes. The lowest CPT and LRT temperatures are usually found in

areas of deep convection, like the maritime continent, central Africa and South America

(Gettelman, Salby, et al., 2002). Interannual variability includes the El Niño Southern Os-

cillation (ENSO), where changes in the equatorial and east Paci�c sea surface temperature

changes the Walker circulation. Previous studies have linked the different phases of ENSO

to signi�cant changes in convection patterns, having a strong in�uence on the location of

the lowest tropopause temperature and WV transport through the TTL (Gettelman, Randel,

et al., 2001). During boreal summer, the Asian monsoon dominates the tropical circula-

tion, shifting the convection northwest from the west Paci�c, and the TTL has the lowest

temperatures and highest altitudes in this region (Devasthale and Fueglistaler, 2010).

Observations provide present day and historical records of the weather and climate, but are

limited in space and time. Reanalyses solve this problem by using a forecast model as a

�rst guess of the atmospheric state in the past, combined with the assimilation of obser-
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vations available, which corrects the forecast, and provides a consistent understanding of

atmospheric components for the last decades. The bene�t of using reanalyses is the �xed

forecast model, i.e. no changes due to updates in the model and produces analyses of the

atmosphere based on available observations on �ne horizontal and vertical scales (Fujiwara

et al., 2017). Reanalyses have been used to evaluate Chemistry Climate Models (CCM) , and

work as a guidance of how global models are able to simulate changes in the future due to

climate change (Gettelman, Birner, et al., 2009). In this thesis, two reanalyses products will

be used, both from the European Center for Medium-Range Weather Forecasting (ECMWF),

the ERA-Interim and the newest reanalysis, ERA5. When evaluating two reanalyses from

the same research institute, any differences between them can be due to updates in the model

cycle, implementation of schemes, assimilation method and usage of observations.

Since the launch of the �rst Global Positioning System Radio Occulation (GPS-RO) satellite

mission in 1995, several missions have followed. The technique "provides accurate high-

vertical resolution of temperature in the stratosphere and the troposphere" (Anthes, 2011). In

contrast to conventional data, such as radiosondes, GPS-RO has a global coverage. GPS-RO

data works as a reference point for the comparison between ERA5 and ERA-Interim.

This thesis is an extension of Chapter 8 of the Stratosphere-troposphere Processes and their

role in Climate (SPARC) Reanalysis Intercomparison Project (S-RIP) report (under revi-

sion), which focuses on the TTL, and Tegtmeier et al., 2020, a part of the S-RIP. The S-RIP

aims to provide information about differences among current reanalyses products and their

causes, providing guidance to reanalysis data users (Fujiwara et al., 2017). In Tegtmeier

et al., 2020, eight reanalysis data sets are evaluated and compared to GPS-RO data for the

period 1980-2010, but the focus period is from 2002-2010 to include ERA5 data. This thesis

includes a comparison of the period from 2007 to 2018, and in addition addresses seasonal

and interannual variations in the TTL.

The aim of this thesis is to address the following questions:

1. What are the mean differences between GPS-RO data and ECMF reanalyses for the

TTL ,

2. Where and when are the largest differences,

3. Can the difference be linked to the seasonal and interannual changes of the TTL

and do the questions above provide an answer to
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CHAPTER 1. INTRODUCTION

4. Is the representation of the tropical tropopause improved in ERA5 relative to ERA-

Interim

Background of the tropopause and its characteristics are presented in 2. Information about

the reanalyses and GPS-RO data, and how the TTL de�nitions are calculated is provided in

Chapter 3. The results are shown and discussed in Chapter 4, followed by a short summary

and outlook in Chapter 5.
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2 Background
This chapter provides relevant background for the thesis. The structure of the atmosphere

is described in Section 2.1, followed by an explanation of the Brewer-Dobson Circulation

in Section 2.2. In Section 2.3, the TTL and the two tropopause de�nitions are described.

Seasonal variations are discussed in Section 2.4. Section (2.5 and 2.6, present how the ENSO

and Asian summer monsoon have an impact on the TTL. The �nal section is a presentation

of S-RIP and results in Tegtmeier et al., 2020.

2.1 General structure of the Atmosphere
The atmosphere is divided into four layers based on the vertical temperature structure, with

the transition layer between them marked as apause. In the troposphere, the solar radiation

is absorbed by the surface. The temperature decreases strongly with height (statically un-

stable), as seen in Figure 2.1, due to less absorption in the air above. This changes at the

tropopause, and in the stratosphere, the temperature increases with height (statically stable)

due to absorption of ultraviolet radiation by ozone (Wallace and Hobbs, 2006). (Wallace and

Hobbs, 2006)

The troposphere is characterized by strong vertical mixing of air due to the meridional tem-

Figure 2.1: The vertical temperature pro�le of the atmosphere. From Marshall and Plumb,

2008.
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2.2. THE BREWER-DOBSON CIRCULATION

perature gradient, while the inversion layer in the stratosphere suppresses this. Thus, the

tropopause distinguishes the two different layers and different regimes.

2.2 The Brewer-Dobson Circulation
The theory behind a global mass circulation, transporting tropospheric air into the strato-

sphere in the tropics, and moving poleward with descend in middle and high latitudes, was

presented over �fty years ago, and is usually referred to as the Brewer-Dobson Circulation

(BDC) (Butchart, 2014). Dobson et al., 1925, noted that only such a circulation could ex-

plain the high concentrations of stratospheric ozone at high latitudes and low concentrations

at equator, given that ozone production occurs at the stratospheric equator. A few years later

Brewer, 1949, linked the observed upper air water vapor measurements to a slow ascend-

ing motions at the equator into the stratosphere, and descent at the poles. As explained by

Holton et al., 1995, the transport of air is due to a "extratropical pump" or in some cases

referred to as "Rossby-wave pump", which is driven by upward propagating wave dissipa-

tion and a following wave drag in the troposphere. The wave drag works as a pump, sucking

up air in the tropic troposphere, into the stratosphere and down to higher latitudes. This

have an impact on the radiative equilibrium- air pushed upwards (downwards) in the tropical

(high latitudes) stratosphere is cooled (warmed) adiabatically, causing the temperatures to be

above (below) radiative equilibrium. The wave induced forces are strongest in winter, and

the circulation acts as a single-cell transport in the winter hemisphere which affects the local

convection. Stronger land-sea contrasts in the Northern Hemisphere (NH) compared to the

Southern Hemisphere (SH), induces stronger wave forcing for the NH winter.

2.3 The tropical tropopause
As described in Section 2.1, the tropopause distinguishes the troposphere from the strato-

sphere, and the location of the tropopause varies meridionally, zonally and with seasons.

The tropical tropopause layer (TTL) is presented in Section 2.3.1, along with dynamical and

chemical description. Two de�nitions of the tropical tropopause will be discussed in Section

2.3.2 and Section 2.3.3.

2.3.1 TTL

The tropical tropopause TTL was �rst introduced as a concept in the 1990s, as a transition

layer holding properties of both the troposphere and the stratosphere. The lower boundary is

usually at the main convective out�ow, at about 12 km, and the upper boundary is the cold
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CHAPTER 2. BACKGROUND

point tropopause at 17 km.

The TTL is the gateway for tropospheric chemical components to the stratosphere, such as

water vapor, as this is a region of strong convection. Water vapor (WV) in the TTL is im-

portant in the radiation budget and in the chemical composition of the stratosphere. It is

therefore important to study the processes controlling WV in the TTL. Stratospheric WV

is mainly controlled by the slow ascent of the BDC, encountering cold tropopause temper-

atures and is dehydrated through freeze-drying, thus making a strong connection between

cold TTL temperatures and a dry stratosphere (Brewer, 1949). In addition, deep convection

can penetrate through the TTL, and directly inject WV in the lower stratosphere (Fueglistaler

et al., 2009).

Today, the BDC is seen as the main reason behind seasonally and annually averaged mass

exchange across the TTL (Butchart, 2014). Yulaeva et al., 1994, explained how the annual

temperature cycle of the TTL could be linked to the BDC by investigating the temperature in

the tropics and the extratropics, which are out of phase. A dynamical explanation is given-

stronger circulation due to increased wave induced forcing in the NH winter requires stronger

diabatic heating in the tropics, compensated with cooling in the extratropics.

Along equator, northeast and southeast trade winds converge, forming a band of conver-

gence, the intertropical convergence zone (ITCZ). The location of the ITCZ changes with

the seasonal variations of wind patterns, like the Asian monsoon (Wallace and Hobbs, 2006,

Figure 2.2: Illustration of the TTL. The black thick line denotes the tropopause. From

Montzka et al., 2010
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2.3. THE TROPICAL TROPOPAUSE

pp.15-16). Large-scale convection forms deep convective clouds, which have an impact on

the radiation budget, the static stability and WV budget. Deep convective clouds are mainly

10-15 km high, transporting air from the boundary layer, as illustrated in Figure 2.2 by the

main convective out�ow. Also shown is convection reaching the TTL, often called over-

shooting convection, and penetrating the stratosphere, which rarely occurs (Fueglistaler et

al., 2009). In the TTL, clouds are mainly optical thin, such as cirrus clouds (Ci in Figure

2.2), due to the limitation of WV here (Fueglistaler et al., 2009).

Ozone is primarily produced in the stratosphere but can also be photochemically produced

the troposphere. In the TTL, the abundance of ozone is controlled by trosphere-stratosphere

exchange and chemical reactions (Fueglistaler et al., 2009). Ozone can have a radiative ef-

fect on the TTL. Indeed, there is a correlation between colder CPT temperatures and small

tropopause ozone values (Gettelman, Birner, et al., 2009).

2.3.2 Cold point tropopause

The cold point tropopause (CPT) is de�ned as the level where the vertical temperature pro-

�le reaches its minimum (Highwood and Hoskins, 1998), and is located in the upper TTL

(Figure 2.2). The CPT annual mean temperature is lowest at equator, with values of 192 K.

Above the CPT, the stratospheric inversion begins. The CPT is of great interest as it marks

the coldest temperature air encounters when transported through the TTL and works as a

boundary condition for water vapor entering the stratosphere (Mote et al., 1996). The annual

CPT height is higher off equator due to zonally variable features, like an increase in height

in JJA due to the Asian monsoon (Fueglistaler et al., 2009).

2.3.3 Lapse rate tropopause

By WMO, the tropopause is de�ned as the lowest level at which the lapse rate decreases

to 2� C/km or less, provided that the average lapse rate between this level and all higher

levels within 2 km do not exceed 2� C/km (WMO, 1957). The LRT is located below the

CPT, just above the level of clear-sky-zero radiative heating in Figure 2.2, and has a higher

temperature and lower height compared to CPT. Convection usually does not in�uence the

tropopause temperature above the LRT and rarely penetrates into the stratosphere. It also

marks the shift in static stability, as the stratospheric temperature is controlled by radiative

heating. Unlike CPT, the LRT is a global de�nition. The LRT height is highest at equator

and decreases sharply close to the jet stream due to increased static stability (Seidel et al.,
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CHAPTER 2. BACKGROUND

2001).

2.4 Seasonal variations
Several studies have investigated the climatology of the tropopause, using different observa-

tions, such as radiosondes (Seidel et al., 2001) and satellite data (Kim and Son, 2012).

As mentioned in Section 2.3.1, the annual variations in tropopause temperatures are mainly

controlled by the BDC seasonality. The BDC is strongest in boreal winter and weakest dur-

ing boreal summer. This can be seen in the climatological seasonal cycles of CPT and LRT

variables, with the lowest temperatures during boreal winter and highest temperature dur-

ing boreal summer. The lowest temperatures (188 K) are located over the west Paci�c and

maritime continent during boreal winter, while during boreal summer, the minimum (192

K) shifts west to the area of the Asian summer monsoon (Seidel et al., 2001). The annual

mean pattern of CPT matches the boreal winter pattern, indicating that CPT climatology is

strongly affected by the boreal winter (Kim and Son, 2012).

The CPT and LRT height have a reversed seasonal cycle, with the highest altitudes during

boreal winter and lowest during boreal summer. The highest LRT height (16.8 km) is located

over the north equatorial Africa during most of the year, with one notable variation during

November, when the minimum LRT height is located over tropical Paci�c. The CPT height

has the similar pattern as the LRT with some differences, the maximum height is located over

central America from December to March and over Africa for other months (Seidel et al.,

2001).

The lowest tropopause temperatures are usually found in regions of deep convection, which

also change location during the year. The ITCZ exhibits a seasonal cycle due to solar ra-

diation, moving north during boreal summer and south during boreal winter (Wallace and

Hobbs, 2006). The convective distribution in a recent study by Kim, Randel, et al., 2018, is

shown in Figure 2.3. The shading marks the frequency distribution of deep convection above

15 km, while the red crosses marks deep convection above 17 km. During DJF, the con-

vection is centered at the west Paci�c and maritime continent, with two secondary maxima

over South America and central Africa. In JJA, the convection center moves northwest to the

area of the Asian monsoon. The convection patterns in Figure 2.3 are shown in other studies

and linked to cold CPT temperatures, coinciding over the areas of deep convection (Hosking
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2.5. INTERANNUAL AND SEASONAL VARIABILITY

Figure 2.3: Tropical convection distribution using CloudSat. The shading shows the fre-

quency distribution of convection above 15 km (number of 15 km convection / total number

of observations in a grid box) as percentage, and the red crosses mark cloud top height

above 17 km. AM = Asian monsoon. WP = west Paci�c. EQ = Equator. From Kim,

Randel, et al., 2018

et al., 2010, Gettelman, Salby, et al., 2002). Kim and Son, 2012 argued that the outgo-

ing longwave radiation (OLR) values are located slightly off the coldest TTL temperatures,

indicating that other processes must be present to explain the seasonality.

2.5 Interannual and seasonal variability
The TTL also exhibits interannual variability associated with large scale dynamics and was

studied by Krüger et al., 2008a. The Quasi Biennial Oscillation (QBO), a quasi-periodic

change between easterly and westerly zonal winds in the tropical stratosphere, was found to

cool the upper TTL during the easterly phase, while the opposite was discovered during the

westerly phase. Volcanic eruptions and changes in the solar cycle also had an impact on the

upper TTL temperature. The El Niño Southern Oscillation (ENSO) signal showed cold and

dry tropopause during La Niña, while El Niño years were warm and less dry. This thesis

will focus on the El Niño Southern Oscillation (ENSO) impact on the TTL, as the time

period covered (2007-2018) includes several ENSO years with varying intensity. Section
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CHAPTER 2. BACKGROUND

2.5.1 explains the ENSO and its impact on TTL, El Niño and La Niña, followed by how

ENSO events are detected (Section 2.5.2)

As discussed in Section 2.4, the Asian summer monsoon has a signi�cant impact on the

seasonal cycle of the TTL, and will be explained in Section 2.6.

2.5.1 ENSO

The ENSO is described by Wallace and Hobbs, 2006.

ENSO is a coupled ocean-atmosphere dynamic, represented by the pattern of positive sea

surface temperature anomalies in the equatorial Paci�c (El Niño) and the response in the

atmospheric circulation (Southern Oscillation). El Niño and La Niña events represents the

extremes in the ENSO cycle and the phase between them is called neutral conditions. The

average (no El Niño or La Niña) winds at equator are easterly, which produces a west-

ward wind stress and transports warm water. The corresponding atmospheric circulation, the

Walker circulation, is characterized by strong convection of moist air over the eastern Paci�c,

and subsiding dry air over the west paci�c. The Walker circulation reinforces the easterlies.

Changes in SST in the east and central Paci�c can give rise to El Niño or La Niña.

El Niño events: During El Niño, the easterlies at equator are weakened, the wind stress is

reduced and SST anomalies are warmer normal in the east and central Paci�c. This in turn

changes the Walker circulation, with strong convection shifting east, over the equatorial dry

zone (Wallace and Hobbs, 2006, pp. 431-437). El Niño events are often referred to as warm

events, and their in�uence on the convective pattern depends their strengths, i.e, how the SST

anomalies are changing over time.

La Niña events: La Niña events are characterized by colder SST anomalies than normal in

the east and central Paci�c, due to strengthened easterlies. The Walker circulation intensify,

with increased convection over the west Paci�c and enhanced subsidence over the east Pa-

ci�c. Like El Niño, La Niña events varies in strength and time, and are named cold ENSO

events.

Changes in mean surface temperature and winds, convection patterns and the vertical tem-

perature structure due to warm and cold ENSO events have an imapct in TTL temperatures.

Gettelman, Salby, et al., 2002 investigated cloud fraction and linked the coldest tropopause

temperatures to regions of deep convection during El Niño events. The shift of convection

pattern is shown to have a signi�cant impact on the water vapour in the upper troposphere.
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