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Abstract

The South Asian Monsoon has been evaluated in the ECHAM/MESSy Atmo-
spheric Chemistry (EMAC) model in comparison to observations and models par-
ticipating in the 5th Phase of the Coupled Model Intercomparison Project (CMIP5).
Existing diagnostics of the Earth System Model Evaluation Tool (ESMValTool)
have been applied to historical CMIP5 simulations and to an EMAC timeslice ex-
periment representing the year 2000 to investigate precipitation in the South Asia
Monsoon period. The EMAC simulation generally overestimates precipitation in
South Asia during the local summer and winter seasons compared to observations,
and also the global precipitation intensity, which is calculated as summer minus
winter difference. This bias in precipitation intensity results in an overestimation
of the global monsoon domains, which are areas that exceed a precipitation inten-
sity of 2.5 mm per day. Compared to the CMIP5 historical simulations, not only the
CMIP5 multi-model mean but also each individual model is more skillful in terms
of pattern correlation index. Possible reasons for biases in the EMAC simulation
could for example arise from biases in circulation or the representation of clouds.
The simulation of the 850 hPa low-level wind was better represented than the pre-
cipitation intensity, although some biases compared to meteorological reanalysis
exist. Diagnostics have been newly developed and implemented into the ESMVal-
Tool to examine the representation of Cloud Radiative Effects (CRE) as external
solar radiation is the main driver for monsoon. Deviations from observations are
found in particular for the simulated shortwave radiation, which could be related
to problems in the representation of low-level clouds. The biases found in the
particular EMAC simulation evaluated here could partly be due to the boundary
conditions used, in particular the prescribed sea surface temperatures (SST) that
are taken from a CMIP5 model simulation with the CMCC model. In addition, a
coupled ocean could possibly partially compensate for the biases in precipitation.
Additional work is required to investigate this further. For example, an EMAC
simulation with observed SSTs or a coupled ocean could be evaluated to better
understand the reasons for the biases found here.
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1 Introduction

1.1 Background and Motivation

The ability to understand and project future climate is fundamental to society. The
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5)
concluded that continued emissions of greenhouse gases would cause further warming
(IPCC, 2013). An important component of the earth’s climate system is the global mon-
soon, determining around half of the world’s population life due to its major impact on
food and energy security. Strong sub-seasonal variations can cause extreme events, for
example the Pakistan flood in 2010, that require forewarning in order to better cope with
the consequences (Sperber et al., 2012). Apart from its strong impact on society, mon-
soon plays a major role for the atmospheric general circulation and in linking external
radiative forcing to atmospheric circulation (Wang et al., 2011). Monsoon is primarily
determined by external solar forcing (Sperber et al., 2012), but also by cloud radiative
effects, orography and other factors. The absorbance and reflection characteristics of
clouds and their global distribution play a key role not only for monsoon but also in the
understanding of the climate change in general (IPCC, 2013).

In order to better understand past and future changes in the earth’s climate and to pro-
vide reliable climate projections, complex Earth system models (ESMs) are developed.
The performance of the models can be tested by testing their ability to reproduce past
and present-day climate in comparison to observations. To facilitate routine bench-
marking and evaluation of single or multiple ESMs, either against predecessor versions,
a wider set of climate models or observations, the Earth System Model Evaluation Tool
(ESMValTool) is developed at DLR-IPA in collaboration with international partners.

The goal of this thesis is to evaluate the representation of the South Asian Monsoon in
ECHAM/MESSy Atmospheric Chemistry Model (EMAC, Jöckel et al., 2006) in com-
parison to observations and models participating in the 5th Phase of the Coupled Model
Intercomparison Project (CMIP5, Taylor et al. (2012)). Hereby, a set of existing mon-
soon diagnostics from the ESMValTool is applied to an EMAC and the CMIP5 simula-
tions. To understand possible deviations compared to the observations, basic features of
the general circulation are evaluated by looking at the surface winds. In addition, new
diagnostics to evaluate the Cloud Radiative Effects (CRE) diagnostics are developed and
implemented into the ESMValTool to assess the performance of EMAC in comparison
to observations.

3



1.2 Structure of the Thesis

This thesis includes six chapters. Chapter 2 gives a brief overview of the scientific
background for monsoon. Chapter 3 introduces the climate models that have been
used in this work. Chapter 4 briefly explains the Earth System Model Evaluation
Tool (ESMValTool) as well as all diagnostics that have been applied. The results are
presented in Chapter 5 complemented with a discussion of possible reasons for biases.
Chapter 6 summarizes this work and gives an outlook.

2 Scientific Background

Global Monsoon is determined by seasonal changes in atmospheric circulation and pre-
cipitation associated with asymmetric heating of land and sea. The asymmetric heating
is due to the different heat capacity of land and sea that causes land surfaces to heat
faster. In Southeast Asia, the intense solar heating in late spring and early summer leads
to a heat low over the landmass that induces land-sea thermal and pressure gradients.
As a consequence, cross-equatorial low-level winds develop and transport an increased
amount of moisture, which is further boosted by the strong coupling between diabetic
heating and circulation (Sperber et al., 2012). While the annual variation of solar ra-
diation is both a necessary and sufficient condition for the development of monsoon,
land-sea thermal contrast itself is critical for the location and strength but neither nec-
essary, nor sufficient. Thus monsoon is a global phenomenon since solar forcing as its
fundamental driver is affecting the whole planet (Wang et al., 2011). As a result, mas-
sive rainfalls during the monsoon season occur while their spatial distribution is mainly
determined by the orographic structure of the Asian landmass. Especially the West-
ern Ghats, foothills of the Himalayas and the Burmese coast as well as the Philippines
provide anchor points, where observed rainfall is concentrated (Sperber et al., 2012).

Figure 1 illustrates monsoon as a global phenomenon. Whereas this thesis focuses on
South Asia, monsoon regions are also present in North Australia, West Africa and North
as well as South America.

When investigating monsoon and its year-to-year variation, it is not appropriate to use
the normal calendar year as time period. Since both northern and southern hemisphere
has its monsoon seasons taking place during a different period (May to October in the
northern hemisphere and November to April in the southern hemisphere), it makes
sense to define a monsoon year starting from April in order to capture both peaks.
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Figure 1: Geographical extent of the global surface Monsoons.

3 Model Simulations

3.1 Simulations from the Coupled Model Intercomparison Project
(CMIP5)

The World Climate Research Programme’s (WCRP) Coupled Model Intercomparison
Project Phase 5 (CMIP5) is a set of coordinated climate model experiments with more
than 20 modeling groups from all over the world participating with over 50 different
model versions. The focus is on major gaps in understanding of past and future climate
changes through assessing model differences in poorly understood feedbacks associated
with the carbon cycle and clouds on the one hand. On the other hand, a major issue is to
examine the predictive capabilities of forecast systems on decadal time scales (Taylor et
al., 2012).

Figure 2 provides a schematic overview of the CMIP5 long-term experiments with a
central core of simulations that is surrounded by tier 1 and tier 2 experiments. The
core consists of an Atmospheric Model Intercomparison Project (AMIP) experiment
where sea-surface temperatures are prescribed from observations, a coupled control ex-
periment and a coupled historical experiment which is forced by observed atmospheric
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composition changes. The Representative Concentration Pathways (RCP) describe dif-
ferent emission scenarios that are based on low (2.6 W m2) to high (8.5 W m2) increases
in the radiative forcing in the year 2100 compared to preindustrial conditions. Tier 1 and
2 experiments provide a more detailed analysis of the core simulations such as carbon
cycle feedback experiments or aerosol forcing.

In this thesis, the climatological mean (1995-2005) of the historical CMIP5 simulations
are compared to observations averaged over the same time period.

CMIP5 models are used in the first step to reproduce existing figures – for example
Figure 9.5 of IPCC AR5 (IPCC, 2013) providing an ability to compare to published
figures.

Figure 2: Schematic structure of the CMIP5 long-term experiments (from Taylor et al.,
2012).
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3.2 ECHAM/MESSy Atmospheric Chemistry (EMAC) model

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry
and climate simulation system that includes various submodels describing atmosphere
processes and their interactions with oceans, land and human influences based on the
Modular Earth Submodel System (MESSy) interface that couples submodels to a gen-
eral circulation model (Röckner et al., 2006). The core atmospheric model is the 5th
generation European Centre Hamburg general circulation model (ECHAM5) including
more than 30 submodels with different functions.

Name Resolution Analysed time period Running mode
EVAL2 T42L90MA 1999-2009 Nudged, coupled
QCTM T42L90MA 1999-2007 Nudged, QCTM
TS2000 T42L90MA 10 years under 2000 conditions Free-running timeslice, coupled
ACCMIP T42L90MA 10 years under 2000 conditions Free-running timeslice, coupled

Table 1: Summary of the different EMAC simulations. In this thesis, the free-running
ACCMIP timeslice experiment is used over a period of 10 years simulated under 2000
conditions (from Klinger et al., 2014).

From the four EMAC simulations that were evaluated in Klinger et al. (2014), see Table
1, in this thesis the EMAC ACCMIP timeslice experiment is used. It was performed
in support of the Atmospheric Chemistry and Climate Model Intercomparison Project
(ACCMIP) and has been evaluated in a number of papers (Fiore et al., 2012; Klinger
et al., 2014; Lamarque et al., 2013; Naik et al., 2013; Silva et al., 2013; Stevenson et
al., 2013; Voulgarakis et al., 2013; Young et al., 2013). The EMAC-ACCMIP times-
lice experiment was run in a free-running mode over a period of 10 years under 2000
conditions. Hereby, monthly mean sea surface temperatures (SSTs) and sea ice con-
centrations (SICs) from the historical CMIP5 experiment carried out with the CMCC
climate model are prescribed as a 10-year climatological mean around the base year
2000. The TS2000 experiment uses observed SSTs and SICSs and slightly different
emission inventories. More details of the EMAC ACCMIP simulation can be found in
Klinger et al. (2014). Table 2 summarizes the key figures of the setup.
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Resolution T42 (2.8 ·2.8 degrees), L90 (up to 0.01hPa)
Anthropogenic and biomass burning emissions Based on CMIP5 dataset (Lamarque et al., 2010)

T42L90MA
Lightning NOx Calculated interactively based on the Grewe et al.

(2001) parameterization
Natural emissions Interactive isoprene and soil NOx, constant emis-

sions of DMS, volcanic SO2, biogenic CO and
NMHCs

Long-lived species (including methane) Prescribed surface concentrations based on
AGAGE (2000) and rescaled according to CMIP5
concentration data (past and future)

SST/SIC Decadal means from the CMCC climate model
simulations in CMIP5

Radiation couplings Online CO2,CH4,N2O,O3, CFCs, water vapor.
Climatological aerosol

Chemistry 179 gas phase reactions (tropo- and strato-
spheric), 61 photolysis reactions, 10 PSC reac-
tions, 26 heterogeneous reactions, 3 aqueous-
phase reactions.

Convection Tiedtke scheme with Nordeng closure
Clouds Standard ECHAM5 module based on Lohmann

and Roeckner (1996), PSC based on the model
by Kimer et al. (2011).

Aerosol No interactive aerosol

Table 2: Key figures of the EMAC ACMMIP setup.
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4 Earth System Model Evaluation Tool (ESMValTool)
and Diagnostics

4.1 Earth System Model Evaluation Tool (ESMValTool)

As discussed in the introduction, it is important to continuously evaluate and improve
the performance of climate models. To facilitate routine benchmarking and evaluation
of single or multiple ESMs, the Earth System Model Evaluation Tool (ESMValTool)
is developed at DLR-IPA in collaboration with international partners. The tool allows
to easily compare new simulations to existing runs and observations as well as quick
production of standard diagnostic plots and output diagnostic variables.

The ESMValTool is based on Python scripts that call NCAR Command Language
(NCL) and other open source languages like R.

One of the advantages of the ESMValTool is that it can easily read in multiple model
simulations and observations that are archived in CMIP format. This is done via the
namelist structure that then calls NCL diagnostics scripts that process the data and fur-
ther pass it to plotting routines. Reformate scripts ensure that variables have the right
format and units according to Climate Model Output Rewriter (CMOR) standards.

In this work the Monsoon diagnostics of the ESMValTool have been applied to the
EMAC ACCMIP simulation and the CMIP5 model simulations, and additional new
diagnostics to evaluate CRE have been implemented into the ESMValTool and applied
to EMAC ACCMIP.

4.2 Monsoon Diagnostics and Observations for Model Evaluation

This section gives an overview of the South Asia Monsoon (SAMonsoon) diagnostics
that are implemented in the ESMValTool. Each diagnostic is referred to as a plot type,
which on the technical side corresponds to a single file that will generate a restricted set
of figures.

• SAMonsoon_precip_basic: Mean and standard deviation of precipitation in South
Asia across all years for each model as well as the multi-model mean. This plot
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type also outputs the difference of the mean and standard deviation with respect
to a reference model.

• SAMonsoon_global_domain: Plots the local summer minus winter average glob-
ally and also produces a plot that contours precipitation only above a cut off level
to identify monsoon domain areas

• SAMonsoon_wind_basic: Mean and standard deviation of 250hPa and 850hPa
low-level winds in South Asia across all years for each model as well as the multi-
model mean. This plot type also outputs the difference of the mean and standard
deviation with respect to a reference model.

• SAMonsoon_precip_seasonal: Produces climatology, seasonal anomalies and in-
terannual variability of monsoon precipitation in South Asia.

• SAMonsoon_wind_seasonal: Various monsoon indices computed over the
monsoon season (JJAS) and as annual cycles.

These diagnostics are included in two different namelists with one calling the diagnostic
with monthly data and the other one with daily data. In this thesis, diagnostics 1-3 have
been used with the monthly mean data namelist.

For precipitation diagnostics, the Global Precipitation Climatology Project (GPCP) ob-
servational dataset GPCP-SG has been used as reference. GPCP-SG is the combined
monthly Satellite Gauge (SG) data set for precipitation estimates based on a 2.5�x2.5�
grid. The GPCP combined precipitation data were provided by the NASA/Goddard
Space Flight Center’s Laboratory for Atmospheres, which develops and computes the
dataset as a contribution to the GEWEX Global Precipitation Project (Huffman et al.,
1997). To investigate observational uncertainty, the Tropical Rainfall Measuring Mis-
sion (TRMM) data (Huffman et al., 2007) is used as an alternative dataset.

Simulated winds are compared to the European Reanalysis (ERA) ERA-Interim
reanalysis dataset with a spatial resolution of about 0.75�x0.75�, which was produced
by the European Centre for Medium Range Weather Forecasts (ECMWF). The data is
based on geostationary satellite scatterometer measurements (Dee et al., 2011).

4.3 Diagnostics for the Cloud Radiative Effects

Unlike monsoon diagnostics, diagnostics for cloud radiative effects (CRE) were not
included in the ESMValTool so far. To understand possible biases, CRE diagnostics
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have been developed and implemented into ESMValTool to assess the performance of
EMAC in comparison to observations. Hereby, the “Clouds And Earth’s Radiant En-
ergy Systems Energy Balanced and Filled” dataset (CERES-EBAF) has been used as
observations in the period from 1995 to 2005. To evaluate the effects of clouds, top of
the atmosphere (TOA) data for longwave and shortwave radiation under both clear sky
and all sky conditions have also been calculated. CREs are defined as the difference
between clear sky and all sky conditions.

Two different diagnostics have been implemented into the ESMValTool:

• The bias between models and observations in the global distribution of CREs
for both shortwave and longwave radiation and the net effect that is defined as
the sum of both CREs. This is outputted as a contour plot indicating areas of
misrepresentation of CRE in the models evaluated. For CMIP5 models, a multi-
model mean has been calculated.

• Zonal mean plots containing both model and observational data to compare the
absolute values averaged over the longitudes.

These diagnostics can reproduce Figure 9.5 of the IPCC AR5 (Flato et al., 2013) and
have been first applied to the CMIP5 models and multi-model mean for comparison,
and have been used in a second step to evaluate the EMAC ACCMIP simulation.

The CERES-EBAF satellite observations provide monthly mean TOA shortwave, long-
wave and net fluxes under both clear sky and all sky conditions based on a one-degree
resolution. One of its key limitations is that clear sky fluxes can only be determined
when the satellite catches cloud free regions. However, the models simply remove
clouds in their simulations to calculate clear sky condition, which can lead to differ-
ences. Nevertheless, especially due to its extensive validations through ground-based
measurements, CERES-EBAF provides a very good reference dataset (Loeb et al.,
2014).
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5 Results

In this section the results of the thesis are presented, focusing first on the EMAC
evaluation for precipitation in the South Asian Monsoon region compared to the CMIP5
multi-model mean (Section 5.1) and the global precipitation intensity and domains
(Section 5.2). Section 5.3 then discusses possible reasons for the detected differences
between the EMAC ACCMIP simulation and observations.

5.1 Precipitation in South Asia

Precipitation is besides typical circulation patterns one of the most important char-
acteristics of the monsoon. To capture and evaluate it, an existing diagnostic of the
ESMValTool is used that calculates and plots the mean and standard deviation of
the daily mean precipitation during the monsoon season across all years for each
model based on monthly mean output. Furthermore, the difference with respect to
observational data is calculated to assess the performance of the models. In order
to assess the amount of increased rainfall during the monsoon season the difference
between the local summer from June to September (JJAS) and the local winter from
November to February (NDJF) is calculated.

5.1.1 Evaluation of Daily Mean Precipitation in the CMIP5 Multi-Model Mean

As a first step, the above-mentioned diagnostic was applied to the individual CMIP5
models and the CMIP5 multi-model mean. Figure 3 shows the climatological mean
monthly mean precipitation (mm/day) for the monsoon season (June to September
(JJAS), left ) and the local winter (November to February (NDJF), right) for the GPCP-
SG satellite observations (upper row), the CMIP5 multi-model mean (middle row), and
the difference between the CMIP5 multi-model mean (MMM) and the observations
(bottom row). The observations are averaged over the period 1995 to 2005 and the
CMIP5 models over 1995 to 2004. The difference is due to missing data for one of the
models but has no measurable effect on the results.

The observed geographical pattern of daily mean precipitation is very well represented
in the CMIP5 MMM with a correlation coefficient of 0.9 in both local summer and
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(a) JJAS Summer (b) NDJF Winter

Figure 3: Climatological mean monthly mean precipitation in South Asia for JJAS
summer (a) and NDJF winter season (b). (1) GPCP-SG Observations (2) CMIP5 multi-
model mean and below the difference between multi-model mean and observations.

local winter. The CMIP5 MMM thereby outperforms every single model for the pattern
correlation skill metric (not shown). The CMIP5 MMM captures both precipitation
maxima along the Indian and the Indochina west coast but underestimates the intensity
of rainfall. In contrast, precipitation over most of the tropical western and central Indian
Ocean as well as large parts of South East Asia is overestimated. As a consequence, the
total mean precipitation is 4.3 mm/day and hence higher than the observed value of 4.0
mm/day. In winter, the overestimation of daily mean precipitation is even stronger than
during the monsoon summer season. Especially over the maritime continent as well as
the western part of the Indian Ocean, there is too much precipitation.
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5.1.2 Evaluation of Daily Mean Precipitation in the EMAC ACCMIP simulation

Applying the same diagnostics to the EMAC ACCMIP simulation shows that the corre-
lation index calculated against GPCP-SG satellite data is significantly lower (0.75) than
the CMIP5 multi-model mean index (0.90) in the summer season (Figure 4, left) and
winter (Figure 4, right). A comparison to the individual CMIP5 models (not shown)
reveals that the correlation from EMAC ACCMIP is lower than the lowest one of the
CMIP ensemble (EC-EARTH, 0.79).

Although the two summer precipitation maxima at the Indian and Indochina west coast
are simulated as areas with increased precipitation in EMAC ACCMIP, these areas are
no clear maxima in the simulation. Overall there is a distinct overestimation of precipi-
tation over the maritime continent with relative errors of around 50% as well as over the
western part of the Indian Ocean and the Chinese highlands. Compared to the CMIP5
multi-model mean, the overestimation of daily mean precipitation in the summer and
winter monsoon seasons is significantly stronger. Nevertheless, the observational rain-
fall maxima at the Indian and Indochina west coast are less underestimated than in the
CMIP5 MMM.

Excessive rainfall is simulated over the western Indian Ocean to the east of Africa during
NDJF, which does not correspond to observed data. Moreover, precipitation is heavily
overestimated to the north of Indonesia and parts of the maritime continent. This distinct
overestimation produces a relative error of more than 65%. In addition, precipitation
over the Indian Ocean south of India as well as northern Australia is underestimated.
Areas of very low rainfall daily mean precipitation (<2,5 mm/day) on the other hand are
very well simulated by EMAC ACCMIP.

Areas of very low rainfall daily mean precipitation (<2,5 mm/day) on the other hand are
very well simulated by EMAC ACCMIP.
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(a) JJAS Summer (b) NDJF Winter

Figure 4: As Figure 4, but using the EMAC ACCMIP simulation.
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5.2 Global Precipitation Intensity and Domains

The evaluation of the global precipitation intensity and the monsoon domains give addi-
tional insights of how well models perform compared to observations. To better capture
the intensity of the monsoon, the global precipitation intensity is calculated from the
difference between the local summer minus the local winter mean.

prGlobalIntensity = prSummer � prWinter (5.2.1)

The global precipitation intensity is then used to calculate the global monsoon domains,
defined by those areas where the precipitation intensity exceeds 2.5 mm/day. This al-
lows an assessment of the general ability of models to simulate monsoon on a global
scale.

GlobalMonsoonDomain : prSummer � prWinter > 2.5mm/day (5.2.2)

5.2.1 Evaluation of Global Precipitation Intensity and Domains in the CMIP5
Multi-Model Mean

The CMIP5 multi-model mean captures the precipitation intensity very well compared
to the GPCP-SG observations (Figure 5). There is a slight overestimation of roughly
4 mm/day over the Gulf of Guinea and parts of the South American west coast but
overall the deviation is very low. Slight underestimation occurs at the Indochina west
coast as well as over Indonesia and Micronesia. Biases in the summer and winter period
that have been shown in Figure 3 are partly compensated which leads to an overall
good representation of global precipitation intensity (Figure 5) and the global monsoon
domains (Figure 6). However, domains are still slightly overestimated all over the Earth
with only a few spots of underestimation that are red colored in the plot showing the
difference between the multi-model mean and observations.
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(a) GPCP-SG Observations

(b) CMIP5 MMM

(c) CMIP5 MMM - Observations

Figure 5: Global Monsoon Intensity – Mean summer minus winter averaged.
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(a) GPCP-SG Observations

(b) CMIP5 MMM

(c) CMIP5 MMM - Observations

Figure 6: Global Monsoon Domains. Bottom plot shows differences between the
CMIP5 multi-model mean and GPCP-SG operations, where blue spots indicate over-
estimation in domains and red spots indicate underestimation.
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5.2.2 Evaluation of Global Precipitation Intensity and Domains in the EMAC
ACCMIP simulation

The global precipitation intensity is clearly overestimated in the EMAC ACCMIP simu-
lation (Figure 7). Analogously to the CMIP5 multi-model mean, there is a distinct over-
estimation of rainfall over the Gulf of Guinea along the South Atlantic Ocean reaching
almost to South America, yet even more intense in EMAC. In addition, precipitation
intensity over Brazil is too strong. However, the most striking differences are found in
the region around India and South East Asia where both over- and underestimation of
rainfalls occur in the EMAC simulation compared to GPCP-SG data. While the precipi-
tation intensity over the Indian Ocean south of India and parts of the maritime continent
is clearly too high, the amount of rainfall over the Philippine Sea as well as parts of
Indonesia is fairly underestimated.

In contrast to the CMIP5 multi-model mean, errors in both JJAS and NDJF periods do
not compensate each other but contribute to the biases in India and South East Asia.
It is interesting to notice that negative biases mainly occur in this area which may be
either due to better compensation of errors or a better performance in general in the
other regions.

Based on the global monsoon precipitation intensity errors, monsoon domains are over-
estimated in general as in the CMIP5 multi model mean. However, especially in the
South East Asia area the overestimation is stronger than in the CMIP5 multi-model
mean. On the other hand, the monsoon domain over Indonesia is slightly underesti-
mated compared to satellite observations.

Neither the simulation of the JJAS monsoon summer season nor the NDJF winter sea-
son are the reason for the overestimation of monsoons to a special degree. In fact, the
overestimation in the domains (figure 8) arises from errors in both seasons that add up
to the simulated pattern. Although there are areas of clear overestimation that also com-
pensate each other, the large relative errors of up to 65% and more facilitate to trigger
the 2.5 mm per day threshold. As a result, monsoon domains of different continents
are connected and reach from North America via Africa and the Indian Ocean to the
maritime continent in South East Asia.
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(a) GPCP-SG Observations

(b) CMIP5 MMM

(c) CMIP5 MMM - Observations

Figure 7: As for figure 5, but showing the EMAC ACCMIP simulation.
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(a) GPCP-SG Observations

(b) CMIP5 MMM

(c) CMIP5 MMM - Observations

Figure 8: As for figure 6, but showing the EMAC ACCMIP simulation.
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5.3 Possible Reason for Biases in the EMAC ACCMIP simulation

In order to better understand the performance of the simulation, it is inevitable to
identify possible reasons for biases. As monsoon is a coupled phenomenon there are
many sources for errors that can lead to biases in the simulation of precipitation, some
of them being discussed below.

5.3.1 Observational Uncertainty

To assess the performance of climate model simulations, the outcome is compared to
observational data. However, it is important to consider observational uncertainty. This
is evident when comparing two different observational datasets to each other. To investi-
gate this, the Tropical Rainfall Measurung Mission (TRMM) data (Huffman et al., 2007)
is used as an alternative dataset. Figure 9 shows the differences between the GPCP-SG
observations used as the reference dataset in previous comparison and the TRMM satel-
lite data for the JJAS summer in South Asia. In particular over the India and Indochina
west coast daily mean precipitation in TRMM is clearly higher than in GPCP-SG with
deviations up to 5 mm/day. Especially at the Indian west coast deviations to GPCP-SG
of TRMM and the EMAC ACCMIP simulation lie within the same magnitude.

Figure 9: Differences between GPCP-SG and TRMM observations during JJAS sum-
mer in South Asia in units mm/day.
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In general, the mean precipitation in South Asia is significantly higher for TRMM while
the correlation index of 0.98 compared to GPCP-SG indicates also some uncertainty
in the pattern. This can lead to general biases in the estimation of the intensity of
precipitation but not explain strong local deviations of up to 13 mm/day over the
maritime continent in EMAC ACCMIP.

5.3.2 Biases in the Prescribed Sea Surface Temperature Dataset

A second possible reason for biases in the precipitation could be biases in the prescribed
SST and SIC dataset. In the EMAC ACCMIP simulation, monthly mean SSTs and
SICs are prescribed as a 10-year climatological mean around the base year 2000 using
the historical CMIP5 experiment carried out with the CMCC climate model. Figure 10
from Klinger et al. (2104) shows the simulated annual mean SSTs in CMCC and the
differences compared to HadISST observations.

SSTs in the CMCC simulation in the area of the maritime continent are underestimated
compared to observations by around 1.2 K. Comparing this with the excess of rainfall
over the maritime continent, similar error pattern can be found meaning that areas of
underestimated SSTs have a tendency to match with areas with overestimated precipi-
tation and vice versa for areas of overestimated SSTs. Furthermore SSTs at the Indian
and Indochina west coast are too high by around 0.6 K which may be a possible reason
for the underestimation of precipitation there in the EMAC ACCMIP simulation.

However, as figure 10 shows the annual mean sea surface temperature but precipitation
plots in South Asia are based on the JJAS season, this discussion is only a rough and
qualitative indicator that biases in SSTs could be related to biases in precipitation
evaluated before.

5.3.3 Prescribed Sea Surface Temperatures rather than Coupled Mode

Apart from errors in the sea surface temperatures used, there is a second aspect that can
contribute to biases compared to observations when simulating precipitation. According
to Sperber et al. (2013), in coupled models errors in simulating sea surface temperatures
partly compensate precipitation biases leading to a better result than for models without
coupling. Hence the use of prescribed SSTs could lower the model performance due to
less error compensation between precipitation and SSTs.
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(a) CMCC Climate Model

(b) Differences to HadISST observations

Figure 10: On the top, the global distribution of sea surface temperature in the CMCC
climate model is showed. Below, the differences between model and HadISST observa-
tions indicate biases in SSTs (Klinger et al., 2014)
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(a) EMAC ACCMIP simulation

(b) MPI-ESM-LR historical simulation

(c) MPI-ESM-LR Amip simulation

Figure 11: Climatological mean monthly mean precipitation in South Asia for JJAS
summer.
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This becomes evident when comparing the EMAC ACCMIP simulation to CMIP5
AMIP simulations that also use prescribed SSTs and SICs. In terms of correlation
index, the EMAC ACCMIP simulation now performs not worse than the lowest CMIP5
model anymore, but in contrast is in the mid-range of all models used. Compared to the
MPI-ESM-LR AMIP simulation (figure 11), which is based on ECHAM6 and hence
uses a similar core to EMAC, performance in terms of correlation index is almost
identical. Moreover, the MPI-ESM-LR AMIP simulation has a lower correlation index
(0.76) than the historical experiment (0.8) and shows more overestimation of precipita-
tion. However, it is important to notice, that the MPI-ESM-LR Amip simulation has
been carried out against TRMM observational data while EMAC ACCMIP is originally
compared to GPCP-SG data. Thus the EMAC ACCMIP plot showed in figure 11 also
uses TRMM as reference model.

5.3.4 Biases in the Simulation of 850 hPa Low-Level Winds

A important feature of the monsoon that is very closely related to precipitation is the
circulation especially with its 850 hPa low-level winds. As winds pick up the mois-
ture from the ocean and carry it to the landmass, a misrepresentation either regarding
intensity or regarding direction can lead to biases in the simulation of precipitation. Ac-
cording to Sperber et al. (2012), the main features of the low-level monsoon circulation
in South Asia include firstly the cross-equatorial flow over the western Indian Ocean
and East African highlands followed by the westerly flow extending from the Arabian
Sea to the South China Sea. Secondly the monsoon trough over the Bay of Bengal and
the weak southerlies over the South China Sea and East Asia are a defining feature of
the monsoon circulation.

Figure 12 compares the mean of 850 hPa low-level winds during the monsoon summer
season simulated in EMAC ACCMIP to ERA-Interim reanalysis data. It is noticeable
that not only for EMAC ACCMIP, but also for CMIP5 models, which are not shown
here, the correlation index is significantly higher than for the simulation of precipita-
tion. However, compared to the CMIP5 simulation, the EMAC ACCMIP simulation is
performing only slightly better than the worst model of the CMIP5 ensemble with the
historical simulations. Although the general features of the circulation are represented
quite well, there are clear differences between EMAC ACCMIP and ERA-Interim data
(Figure 12).

Comparing the low-level biases to the precipitation biases in the South Asia area
leads to the assumption that the biases are related to each other. According to
Sperber et al. (2014), a too zonal monsoon trough over the Bay of Bengal may
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contribute to excessive rainfall in the vicinity of the South China Sea and the maritime
continent. Moreover, underestimation of winds around India and South East Asia
are consistent with too weak rainfall over the Gulf of Thailand and the South China Sea.

Figure 12: 850 hPa low-level winds for (1) ERA-Interim reanalysis data and (2) EMAC
ACCMIP simulation during JJAS summer; Differences between EMAC ACCMIP and
ERA-Interim 850hPa low-level winds (bottom).
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5.3.5 Biases in Radiation and Cloud Parameterization

As external solar forcing is the main driver of monsoon, biases in radiation can be a pos-
sible source of error for precipitation. Also clouds and their parameterization in EMAC
can play an important role, given their strong influence on the Earth’s radiation budget.
When analyzing radiation, two different components have to be considered: incoming
solar shortwave radiation, which plays a major role as the monsoon’s basic driver, and
longwave radiation emitted by the Earth, also contributing to the total radiation budget
and influencing the climate.

The sun steadily emits radiation with its peak in the visible and ultra-violet shortwave
spectrum. Incoming solar shortwave radiation mainly interacts with low thick marine
clouds as well as with mixed layer clouds, that reflect the radiation back to space. The
fraction that is reflected back to space is called cloud albedo and turns out to be around
30% of the total incoming solar radiation. Low thick and mixed-layer clouds have a
higher reflectance than for example ocean surfaces or rain forests, which leads to more
reflection than in the absence of clouds and hence to a cooling effect on the Earth’s
surface (Chen et al., 2000).

Another important effect to be considered is the infrared longwave radiation emitted
by the Earth. It gets absorbed by high thin and mixed-layer clouds, and eventually
re-emitted back to Earth or to space. As the top of clouds is colder than the Earth’s
surface, re-emission back to space is reduced and hence energy is trapped beneath the
clouds. Thus the temperature of the Earth’s surface as well as the atmosphere increases,
an effect called Cloud Greenhouse Forcing.

When evaluating monsoon in climate models, it is important to analyze the represen-
tation on clouds and the related uncertainties in order to understand the biases in the
representation of precipitations. To that extend, cloud radiative effects (CRE) diagnos-
tics have been developed and implemented in the ESMValTool. The simulated fields
of longwave and shortwave radiation, under both clear-sky and all-sky conditions, are
compared to the CERES-EBAF satellite data, considering a climatological mean of the
1995-2005 period.
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Figure 13: Difference between EMAC ACCMIP and CERES-EBAF satellite data in the
global distribution of shortwave cloud radiative effects (clear-sky minus all-sky condi-
tions).

Analogously to figure 9.5. of the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) (Flato et al., 2013), the global and zonal-mean distri-
butions of shortwave, longwave and net (shortwave + longwave) cloud radiate effects
have been plotted using following definitions:

SWCRE = rsutcs� rsut (5.3.1)
LWCRE = rlutcs� rlut (5.3.2)

NETCRE = SWCRE +LWCRE (5.3.3)

Here, rsut and rlut stand for all-sky conditions, while rsutcs and rlutcs represent clear
sky conditions.

As a first step, the CMIP5 models have been used to exactly reproduce figure 9.5 of
IPCC AR5. Then the same diagnostics have been applied to the EMAC ACCMIP simu-
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lation. Figure 13 shows the difference between EMAC ACCMIP and CERES-EBAF ob-
servations for shortwave cloud radiative effects. Compared to the CMIP5 multi-model
mean (not shown here), errors are in general larger.

(a) All-Sky shortwave radiation – MOD-OBS

(b) Clear-Sky shortwave radiation – MOD-OBS

Figure 14: Analogously to figure 12 but showing all-sky conditions (a) and clear-sky
conditions (b) separately for shortwave radiation in EMAC ACCMIP.

To identify which of the radiation variables is responsible for the discrepancy, the same
plot has been produced for the clear-sky and all-sky radiation fields, as shown in Figure
14. While clear-sky conditions are simulated very well especially in the South Asian
area, all-sky shortwave radiation shows large biases all over the globe. It is noticeable,
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that positive biases occur mainly in the mid-latitudes while negative biases occur in the
tropics. This points to a possible bias in the representation of low clouds. According to
Räisänen and Järvinen (2010), EMAC underestimates the low cloud fraction compared
to ISCCP satellite data at low latitudes, but tends to overestimate it at high latitudes
(above 45�).

Biases over Alaska and North-East Russia could also be due to snow albedo, which
means that the extent of snow is overestimated leading to a higher reflectance than
observations indicate. But this quantity has not been evaluated here.

Figure 15: Difference between EMAC ACCMIP and CERES-EBAF satellite data in the
global distribution of longwave cloud radiative effects (clear-sky minus all-sky condi-
tions).

Figure 15 shows the longwave cloud radiative effect analogously to the shortwave
effect discussed based on figure 13. Here, the bias is clearly smaller than for shortwave
radiation with only two major spots of errors located at the Gulf of Guinea and over the
maritime continent. The spatial pattern of these biases matches quite well with those
of the precipitation during the NDJF winter season in South Asia. As for shortwave
radiation, clear sky conditions are simulated very well with only moderate local biases
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for the long-wave radiation. However, all sky conditions produce larger deviations
than clear-sky conditions (figure 16). Especially over the Indian Ocean south of India,
positive biases occur while parts of the maritime continent show a large local negative
bias. The strong positive bias in the longwave cloud radiative effect could be due to
a higher amount of high clouds in EMAC compared to ISCCP data (Räisänen and
Järvinen, 2010).

(a) All-Sky longwave radiation – MOD-OBS

(b) Clear-Sky longwave radiation – MOD-OBS

Figure 16: As figure 13, but showing longwave radiation fluxes.
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The sum of shortwave and longwave cloud radiative effects yields the net effect of
clouds on the Earth’s radiation budget. This is shown in figure 16, as the difference
between the EMAC ACCMIP simulation and CERES-EBAF observations.

Errors in shortwave- and longwave cloud radiative effects are partly compensating each
other in some of the areas but large deviations between simulation and observations
are still visible in many regions. In South Asia, both negative and positive errors
occur. This gives evidence for a misrepresentation of clouds in EMAC, which could
be a possible source of bias in the simulation of monsoon precipitation. However, the
climate system is too complex to strictly connect errors in cloud radiative effects to
precipitation biases on a local scale. Therefore the above statements are not conclusive
and shall be regarded as a possible hint for future investigations.

Figure 17: Net cloud radiative effects in EMAC ACCMIP calculated as the sum of
shortwave and longwave cloud radiative effects showed before.
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5.3.6 Other Influences

Although monsoon is mainly driven by external solar forcing, it also depends on inter-
nal feedback processes such as El Niño-Southern Oscillation (ENSO) mainly through
changes in the Walker Circulation. According to IPCC AR4 (2007), a strong correlation
between ENSO and tropical rainfall and circulation leads in South Asia to less monsoon
rainfall in El Niño years and increased rainfall in La Niña years.

As a consequence, biases in the simulation of ENSO and other phenomena are likely to
influence the amount of precipitation and resulting monsoon domains as well as the sim-
ulated winds. To evaluate the influence of biases in ENSO, further analysis is needed.
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6 Summary and Outlook

In this thesis, the South Asian monsoon has been evaluated in the global
ECHAM/MESSy Atmospheric Chemistry model (EMAC) using the Earth System
Model Evaluation Tool (ESMValTool). To place the outcome of this evaluation in a
broader context, a comparison to CMIP5 models was also shown. When analyzing the
seasonal mean of precipitation in South Asia for both the monsoon summer (June to
September) and winter (November to February), EMAC ACCMIP turned out to gener-
ally overestimate the amount of precipitation. Moreover, the global monsoon domains
(defined as the regions where the mean precipitation difference between summer and
winter exceeds 2.5 mm/day) are also overestimated. Considering the correlation be-
tween model simulation and observational data as a measure of model’s performance,
EMAC was found to be worse than the CMIP5 historical experiments considered here
in representing precipitation in South East Asia.

To identify the possible reasons for biases, low-level (850 hPa) winds and cloud ra-
diative effects have also been evaluated within the ESMValTool. As for precipitation,
EMAC ACCMIP simulates low-level winds worse than models of the CMIP5 histori-
cal experiment in terms of correlation index. Detected biases at 850 hPa are likely to
have an influence on the representation of rainfall. Furthermore, cloud radiative effects
were found to show large biases in South Asia especially for shortwave radiation. As
solar shortwave radiation is a major driver for monsoon dynamics, biases in the radi-
ation fields are also likely to contribute to precipitation errors. The reason could be a
misrepresentation of low clouds, which are mainly responsible for the reflection of solar
radiation (Räisänen and Järvinen, 2010), and high thin clouds over South Asia.

Another possible source for the biases detected in the EMAC simulation is that biases
exist in the prescribed sea surface temperatures (SST) and sea ice concentrations (SIC)
that are taken from the historical CMIP5 experiment carried out with the CMCC model.
Furthermore, the use of prescribed SSTs in general lowers the model performance as
errors in SSTs partly compensate errors in precipitation for coupled models (Sperber et
al., 2013). Additional work is required to better identify the reasons for the biases in
the EMAC simulation found here. In particular, the evaluation could be repeated with
an EMAC simulation with prescribed SSTs and SICs from observations and a simula-
tion with a coupled ocean. This would give further insights whether the deviations in
precipitation in the EMAC ACCMIP simualtion found here are mainly due to the spe-
cific boundary conditions used or for example due to the cloud parametrization or the
missing coupled ocean.

Finally, differences between between the GPCP-SG and TRMM datasets for precipi-
tation suggests that uncertainties exist also in the observational data and that further
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improvement of observations is needed in order to better evaluate the performance of
climate models.

Further analyses of monsoon in EMAC shall focus on daily high-frequency rainfall data
and consider longer time periods, when applying the additional diagnostics available in
the ESMValTool. In addition, this study can be used as a basis for further investigations,
such as the evaluation of monsoon in the ESMVal HALO Campaign or the CCMI-REF
experiments. Finally, the role of monsoon in stratosphere and troposphere exchange can
yield additional insights.
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