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Abstract

The hydrological cycle is one of the most important features of the Earth’s climate system

and influences the climate in many ways. In order to understand how the climate may

change into the future, a thorough understanding of the hydrological cycle is required.

Yet, it remains one of the least understood natural cycles. Most of our understanding

of changes of the global hydrological cycle with climate change are based on coupled

general circulation models (CGCMs). CGCMs evaluated by the Intergovernmental Panel

on Climate Change (IPCC) for the fifth assessment report are among the most complex

simulations of the climate system. However, it is far from trivial to understand even

simple aspects of the climate system using CGCMs, as several processes interact with

each other. The present thesis introduces a simple hydrological cycle model for the

Globally Resolved Energy Balance (GREB) model, investigates the performance and

shows applications of the new hydrological cycle model.

Starting from a rudimentary hydrological cycle model included in the GREB model,

three new models are developed: precipitation, evaporation and horizontal transport of

water vapour. Precipitation is modelled based on the actual simulated specific and rel-

ative humidity in GREB and the prescribed boundary condition of vertical velocity. The

evaporation bulk formula is slightly refined by considering differences in the sensitivity

to winds between land and oceans, and by improving the estimates of the wind mag-

nitudes. Horizontal transport of water vapour is improved by approximating moisture

convergence by vertical velocity. The hydrological cycle model is fitted against observa-

tions and reanalysis data sets. The new hydrological cycle model is evaluated against

the Coupled Model Intercomparison Project phase 5 (CMIP5) model simulations, reduc-

tion in correction terms and by three different sensitivity experiments (annual cycle, El
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Nino-Southern Oscillation and climate change). It is shown that the skill of the hydro-

logical cycle model in the GREB model is now within the range of more complex CMIP5

CGCMs and capable of simulating key features of the climate system within the range

of uncertainty of CMIP5 model simulations.

The new GREB model is applied to achieve a more conceptual understanding of the

projected changes of precipitation, which is difficult if only based on CGCMs. CMIP5

simulations suggest a fairly complex pattern of global precipitation changes, with regions

of reduced and enhanced precipitation. A simple deconstruction of the CMIP5 ensemble

mean projections is described. In a series of sensitivity experiments the GREB model is

forced with four different CMIP5 ensemble mean changes in: surface temperature, evap-

oration and the vertical atmospheric velocities mean and its standard deviation. The

resulting response in the precipitation of the GREB model is very close to the CMIP5

ensemble mean response, suggesting that the precipitation changes can be well repre-

sented by a linear combination of these four forcings. The results further provide good

insights into the drivers of precipitation change. The GREB model suggests that not

one forcing alone can be seen as the main driver, but only the combination of all four

changes results in the complex response pattern. However, the dominant forcings are

the changes in the large-scale circulation, rather than the pure thermodynamic warming

effect. Here, it is interesting to note that changes in high-frequency atmospheric vari-

ability of vertical air motion (weather), that are partly independent of the changes in the

mean circulation, have a control on the pattern of the time-mean global precipitation

changes.

The simple deconstruction approach developed provides a powerful basis on which

the hydrological cycles of CGCM simulations can be analysed and was applied to get a

more quantitative understanding of precipitation biases in CMIP5 models. To achieve

this, the GREB precipitation equation is fitted to observations and CMIP5 model data

output using the least-squares method. The fitting parameters for the CMIP5 models

are compared against the observed precipitation parameter set. The values of the fitting

constants are used as an indication of how CMIP5 model precipitation reacts to changes

in the boundary conditions. The results of the fitting indicate that CMIP5 models are

overly sensitive to the vertical mean velocity, which is confirmed by other studies but

show too little sensitivity to atmospheric variability of vertical air motion (weather).



Although precipitation in CMIP5 models reacts too sensitive to the mean circulation the

conceptual deconstruction highlights the importance of moisture transports to the total

precipitation bias independent of the mean vertical velocity.

In the last chapter the precipitation trend reversal for the southern hemisphere is dis-

cussed. The chapter is mainly based on analysis by Sniderman et al. (2019) who found

that the initial drying in the southern hemisphere subtropics might be a transient rather

than equilibrium response to a warmer climate. The outcome of all previous chapters:

the new hydrological cycle model, the conceptual deconstruction analysis, and the un-

certainties in CMIP5 tuned parameters are applied and it is found that the GREB model

with observed precipitation parameter set is unable to reproduce the precipitation trend

reversal. Instead the GREB model shows a strong drying in the southern hemisphere

subtropics driven mostly by a strong decrease in atmospheric vertical velocity circulation.

Only an increase in evaporation and a decrease of vertical mean velocity are leading to

an increase in precipitation but are not strong enough to offset the drying precipitation

trend. However, these findings are changing when the precipitation parameter uncer-

tainties are considered. CMIP5 models are overly sensitive to mean vertical velocity and

less sensitive to the circulation variability which leads to reduce the importance of the

strong negative trend of vertical velocity variability and makes the wettening through

the mean circulation more pronounced. Using the CMIP5 fitted precipitation parameter

set precipitation in GREB is plateauing in the twenty-third century. The results highlight

the importance of considering the model precipitation parameter biases.
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menget and Flöter, 2011). . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 GREB mean state climate boundary conditions: topography (a), glacier

mask (b), surface temperature (c), vertically integrated water vapour (d),

horizontal winds (e), cloud cover (f), soil moisture (g), and mixing layer

depth (h). Taken from (Dommenget and Flöter, 2011). . . . . . . . . . 9
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Chapter 1

Introduction

1.1 The Hydrological Cycle and Climate Change

The hydrological cycle is one of the most important features of the Earth’s climate

system and influences the climate in many ways. Forced mainly by the heating of the

sun water is evaporated over ocean and land, transported in the atmosphere by winds

and falls out as precipitation over oceans and land. Precipitation over land might be

stored in form of snow, soil moisture or glaciers. Most precipitation falls over oceans

directly closing the water cycle, while excess rain over land forms rivers which ultimately

return water to the ocean (Trenberth et al., 2007). The global cycle of water (solid,

liquid and gaseous) is illustrated in Fig. 1.1.

The hydrological cycle is important beyond the pure exchange of moisture and plays

an important role in the exchange of heat between the Earth’s surface and atmosphere

which in turn modifies the dynamics and thermodynamics of the climate system. For

example, evapotranspiration cools the Earth’s surface and increases moisture content of

the atmosphere. Water vapour in the atmosphere acts as a greenhouse gas, clouds alter

the radiation budget and the latent heat released by condensation affects atmospheric

dynamics (Chahine, 1992). It is therefore evident that looking at the energy budget of

the climate system means looking at the hydrological cycle.

Accordingly, in order to understand how the climate may change into the future, a
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1.1. The Hydrological Cycle and Climate Change 1. Introduction

Figure 1.1: The hydrological cycle. Estimates of the main water reservoirs, given in plain
font in 103km3, and the flow of moisture through the system, given in slant font (103km3yr1),
equivalent to Eg (1018g) yr1. Taken from (Trenberth et al., 2007).

thorough understanding of the hydrological cycle is required (Roderick et al., 2014). One

topic that deserves urgent and systematic attention is the response of the hydrological

cycle (specifically precipitation) to climate change (Donat et al., 2016). The response in

precipitation predicted by global climate models is not uniform. The equatorial Pacific

and the high-latitudes are likely to receive an increase in annual mean precipitation,

while many subtropical dry regions are likely to see even less precipitation with climate

change (Fig. 1.2). While, for the projection of surface temperature changes most models

agree on the sign and global pattern, this is not the case for projections of precipitation

changes. Currently, two main hypotheses exist concerning how precipitation is predicted

to change. One is known as the ‘wet get wetter’ hypothesis which is the intensification

of the hydrological cycle (see Chou and Neelin, 2004; Held and Soden, 2006; Chou

et al., 2009). The other is the ‘warmer get wetter’ hypothesis caused by deviations

of sea surface temperature and thus influencing tropical cyclones (Ma et al., 2012).

Precipitation projections are one of the most important considerations under climate

change as any change in rainfall may have a major impact on human health, agriculture,
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Figure 1.2: Change in average surface temperature (a) and change in average precipitation
(b) based on multi-model mean projections for 2081–2100 relative to 1986–2005 under the
RCP2.6 (left) and RCP8.5 (right) scenarios. The number of models used to calculate the
multi-model mean is indicated in the upper right corner of each panel. Stippling (i.e., dots)
shows regions where the projected change is large compared to natural internal variability and
where at least 90% of models agree on the sign of change. Hatching (i.e., diagonal lines)
shows regions where the projected change is less than one standard deviation of the natural
internal variability. Taken from (Pachauri et al., 2014).

economics, ecosystems, water resources and tourism (Parry et al., 2004; Patz et al.,

2005; Dai, 2011).

Despite its importance, there is little consensus on the observed or expected changes

in spatial patterns of precipitation due to climate change (Donat et al., 2016). Climate

models simulate an increase in global mean precipitation of 1-3% per degree of warming

whereas the total amount of water vapour increases at a rate of 7% per degree of

warming, consistent with the Clausius-Clapeyron relation. This increase (7% per degree

of warming) in water vapour under a global warming scenario is consistently found in

climate models and observations (Roderick et al., 2014). The slower increase in global

mean precipitation is dictated by energy constraints rather than moisture availability

(Allen and Ingram, 2002; Kramer and Soden, 2016). That is, as water vapour increases,

the atmosphere becomes less effective in radiating away heat generated by condensation

to support an increase of precipitation by 7%.
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Nevertheless, some observational studies contradict this muted response in precip-

itation and suggest that water vapour and precipitation have increased at about the

same rate ( 7% per degree of warming) over the past two decades (Wentz et al., 2007).

However, given the large inter annual variability of precipitation Lambert et al. (2008)

showed that at any given 20 year observation period an increase of more than 1-3% per

degree of warming of global mean precipitation can be found and the slow increase of

global precipitation can only be seen on a century long time series. Newer studies also

suggest that the wet-get-wetter and warm get warmer paradigm do not fully explain

changes in precipitation (He and Soden, 2016). While wet-get-wetter is a good first

order explanation it fails to explain the response over some land regions (He and Soden,

2016; Byrne and O’Gorman, 2015).

Projections of climate change are primarily based on Coupled General Circulation

Models (CGCMs). CGCMs evaluated by the Intergovernmental Panel on Climate Change

(IPCC) for the fifth assessment report (AR5), provide the best possible and most com-

plex simulations of the climate system. However, it is far from trivial to understand even

simple aspects of the climate system because several processes interact with each other

(e.g. ice-albedo feedback, Curry et al., 1995; Dommenget and Flöter, 2011). Simplified

models, for example the Earth system models of intermediate complexity (Petoukhov

et al., 2005) or the Globally Resolved Energy Balance (GREB) model (Dommenget and

Flöter, 2011) are capable of simulating the large-scale features of the climate system

and climate change in temperature and rainfall (e.g. arctic winter amplification; see

Dommenget and Flöter, 2011). They provide a framework to conceptually understand

the hydrological response to climate change and help to develop hypotheses about the

processes involved. However, these models are simplified tools compared to more com-

plex CGCMs and all results must be evaluated against observations and/or more complex

and realistic CGCMs (Dommenget and Flöter, 2011).

Nonetheless, there is an increasing interest in a more conceptual understanding how

the rainfall distribution and pattern are changing with climate change. Rainfall is gener-

ated by a multitude of different systems (e.g. midlatitude cyclones, tropical convection),

which makes it one of the most complex processes in the climate system to model and

thus to forecast. Yet many aspects of the changes seen in complex CGCMs can be found

in idealized models such as the omega and humidity based model by Pendergrass and
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Gerber (2016) or the simple enhanced advection model by Chadwick et al. (2016).

Although the agreement of large scale precipitation projections has improved from

the 4th Assessment Report (AR4) to the fifth assessment report (AR5) (Collins et al.,

2013) and climate models agree more over land (Knutti and Sedláček, 2013) substan-

tial regional differences still remain (Fig. 1.2) (Collins et al., 2013) in climate change

simulations for precipitation. Over large areas, especially in the tropics, climate models

do not even agree on the sign of precipitation change. This does not come by surprise

considering the large differences in existing observational and re-analysis data sets (Fig.

1.3) which are used to improve climate models.

Figure 1.3: Taylor diagrams of annual mean precipitation from reanalyses using GPCP as a
reference and CMAP as an additional observing reference the regional statistics for the (a)
globe, (b) land, (c) ocean, and (d) tropics. The red and blue lines show limits of expected
high and low correlation as determined by comparing GPCP and CMAP observations. Taken
from (Bosilovich et al., 2011).

As pointed out by Marotzke et al. (2017) the global water cycle with all its sub
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processes (evaporation, rainfall, etc.) remains one of the least understood natural cycles.

This leads to uncertainty in predicting changes in the hydrological cycle associated with

climate change. To reduce these uncertainties, we must build the best models we can.

Both a substantial increase in climate model resolution (Marotzke et al., 2017) and also

a more conceptual understanding of the hydrological cycle, are needed to identify where

uncertainties lie.

1.2 The Globally Resolved Energy Balance model

The aim of the Globally Resolved Energy Balance (GREB) model is to provide the

simplest possible representation of the climate system, that can still simulate the main

features of the regional and seasonal evolution of surface temperature. The GREB model

allows to: reduce the complexity of the climate system, a stepwise deconstruction of the

climate change surface temperature response, to avoid mean state climate biases and

to gain a conceptual understanding of the climate system. It was first developed by

Dommenget and Flöter (2011).

The GREB model is a three layer (land and ocean surface, atmosphere and deep

ocean) global climate model on a 3.75o × 3.75o horizontal latitude-longitude grid. The

GREB model simulates the thermal (long-wave) and solar (short-wave) radiation, heat

transport in the atmosphere by isotropic diffusion and advection with the mean winds,

the hydrological cycle (evaporation, precipitation and water vapour transport), a simple

ice/snow albedo feedback and heat uptake in the sub-surface ocean. The process sim-

ulated within the GREB model are illustrated in Fig. 1.4. Each process is represented

through strongly simplified equations. The main prognostic variable in GREB is surface

temperature which follows the tendency equation:

γ
dTsurf
dt

= Fsolar + Fthermal + Flatent + Fsense + Focean + Fcorrect (1.1)

with the heat capacity γ. The temperature is forced by solar radiation, Fsolar, the

net thermal radiation, Fthermal, the latent heat taken up through evaporation of water,

Flatent, sensible heat exchange between the surface and the atmosphere, Fsense and

heat exchange with the subsurface ocean, Focean. The last term, Fcorrect, is an artificial

correction term of the tendency equation of surface temperature. The correction term
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corrects the GREB model to have a climatological surface temperature as observed.

Figure 1.4: A sketch of the physical processes considered in the GREB model. Taken from
(Dommenget and Flöter, 2011).

Radiation

The daily cycle of incoming solar radiation is not resolved, instead the 24 hours mean

incoming solar radiation at the surface is used:

Fsolar = (1− αclouds) · (1− αsurf ) · S0 · r(λ, tJulian) (1.2)

with the 24 h mean top of the atmosphere solar constant, S0, as function of latitude,

λ, and Julian day of year, tJulian. Not all top of the atmosphere solar radiation reaches

the surface. Some is reflected by clouds, αclouds, some is reflected by the surface, αsurf .

The cloud albedo, αclouds is a given seasonally varying boundary condition (Fig. 1.6)

and the surface albedo, αsurf is a linear function of the surface temperature near the

freezing point to simulate snow and ice cover and constant otherwise (Fig. 1.5).

The GREB model calculates thermal radiation using the black body emission for the

surface and the atmosphere. The net thermal radiation is due to outgoing radiation from

the surface and incoming radiation from the atmosphere.

Fthermal = −σT 4
surf + εatmosσT

4
atmos−rad (1.3)

For the atmosphere the thermal radiation depends on the atmospheric temperature and
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Figure 1.5: The parameterization of the surface albedo αsurf (a). The surface layer heat
capacity as function of surface temperature (b). Taken from (Dommenget and Flöter, 2011).

the concentration of greenhouse gases, CO2 and water vapour, and the cloud cover. The

effective emissivity εatmos is a function of CO2 concentration, the vertically integrated

water vapour amount viwvatmos and the cloud cover. The emissivity follows a log-

function to consider a saturation of greenhouse gases and considers three spectral bands

(CO2 and water vapour, only CO2 and only water vapour absorption). The emissivity

without clouds is

ε0 = pe4 · log[pe1 · COtopo
2 + pe2 · viwvatmos + pe3]

+ pe5 · log[pe1 · COtopo
2 + pe3]

+ pe6 · log[pe2 · viwvatmos + pe3] + pe7

(1.4)

with fitting parameters pe1−7, CO2 concentration scaled by height, COtopo
2 = e

−ztopo
zatmos ,

the topographic height ztopo and atmospheric scaling height zatmos = 8400 m. Using the

scaling by topographic height mimics a thinner atmosphere that has less CO2.

When the cloud cover, CLD, is considered the following equation is used:

εatmos =
pe8 − CLD

pe9

· (ε0 − pe10) + pe10 (1.5)

The cloud cover in GREB is a seasonally varying externally prescribed boundary condition

and therefore, is not responding dynamically to changes in the GREB model (Fig. 1.6).
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Figure 1.6: GREB mean state climate boundary conditions: topography (a), glacier mask
(b), surface temperature (c), vertically integrated water vapour (d), horizontal winds (e),
cloud cover (f), soil moisture (g), and mixing layer depth (h). Taken from (Dommenget and
Flöter, 2011).

Hydrological Cycle

The hydrological cycle in GREB includes the evaporation of water vapour at the surface

(land and ocean), ∆qeva, the transport of water vapour in the atmosphere through

diffusion, κ·∇2q and advection, ~u·∇q, and precipitation, ∆qprecip. The latent heat fluxes

associated with the hydrological cycle are central to the climate system and therefore also
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considered in the GREB model. This leads to the specific humidity tendency equation

in the GREB model:

dq

dt
= ∆qeva + ∆qprecip + κ · ∇2q − ~u · ∇q + ∆qcorrect (1.6)

Evaporation is calculated using a Bulk formula approach

∆qeva = ρair · cw · | ~u∗| · θsoil · (q − qsat) (1.7)

and depends on the saturation deficit, (q− qsat), the soil moisture, θsoil, the wind speed,

| ~u∗|, and the constant parameters of density of air, ρair and a transfer coefficient, cw.

The soil moisture field is a seasonally prescribed boundary condition (Fig. 1.6). The

saturation specific humidity in GREB is taken from James (1995)

qsat = e
−ztopo
zatmos · 3.75 · 10−3 · e17.08085

Tsurf−273.15

Tsurf−38.975 (1.8)

Precipitation in the GREB model follows a simplified life time approached assuming

a mean residence of water vapour in the atmosphere of 14 days.

∆qprecip = rprecip · q (1.9)

with the decorrelation coefficient rprecip = −0.1/24 h.

Atmospheric circulation

While the input boundary conditions for the GREB model include the typical CGCM

constraints, such as, incoming sun light, topography, land-sea mask, CO2 concentra-

tions etc. other, often dynamical variables in CGCMs, are externally prescribed in the

GREB model. The atmospheric circulation in the GREB model is a seasonally varying

externally prescribed boundary condition (Fig. 1.6) and does therefore not respond to

external forcings. The mean horizontal winds, ~u are taken from the National Centres

for Environmental Prediction (NCEP) reanalysis data from 1950 to 2008 (Kalnay et al.,

1996). The atmospheric diffusion mimics a typical weather system, which are assumed

to be the main source of diffusion, with a lifetime of about one week. This leads to an

isotropic diffusion coefficient, κ = 8× 105m2/s.
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Flux corrections and limitations

The tendency equation of surface temperature, deep ocean temperature and specific

humidity are flux corrected, Fcorrect and qcorrect, towards reanalysis data. The correction

terms force the GREB model to maintain a mean climate state as observed. Thus, the

GREB model is conceptually very different from the CGCM simulations in the Coupled

Model Inter-comparison Project phase 5 (CMIP5), as atmospheric circulations, cloud

cover and changes to soil moisture are not simulated but prescribed as external bound-

ary conditions in the model. This leads to some parts of the hydrological cycle not

being simulated in the GREB hydrological cycle model (i.e. runoff). The effect of ocean

circulation on the atmosphere is represented only through the sea surface temperature

but is not explicitly simulated. Additionally, the GREB model has no internal variabil-

ity, as atmospheric fluid dynamics (e.g. weather systems) are not explicitly simulated.

Subsequently, the model will converge to its equilibrium points (all tendency equations

converge to zero), if all boundary conditions are constant. The control climate or re-

sponse to forcings can therefore be estimated from a single year.

Performance

The purpose of the GREB model is a simple representation of the climate system, that

can still simulate the main features of the regional and seasonal evolution of surface

temperature. The tendency equations of the model (i.e. tendency equation of specific

humidity) are solved with a time step of 12 h. For the atmospheric transport equations, a

shorter time step of 0.5 h is used. This is necessary for the model to remain numerically

stable. With its three layer (land and ocean surface, atmosphere and deep ocean)

3.75o × 3.75o horizontal latitude-longitude grid the GREB model simulates one year in

about one second real-time on a standard computer. It therefore provides a quick and

easy tool to test conceptual ideas of the climate system and climate change.

1.3 Research Aims

This work looks at the hydrological cycle in general and focuses especially on precip-

itation. Although large improvements have been made in modelling the hydrological

cycle in CGCMs over the recent years, precipitation still inhibits uncertainties in climate
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models. This limits our understanding on how the hydrological cycle will respond to a

warmer climate and a more conceptual understanding of the hydrological cycle is needed

to help address these uncertainties. Therefore, the aims of this research are:

1. Can the large-scale features of the hydrological cycle be simulated on a monthly

time scale (evaporation, advection and rainfall) in the simplified model GREB with

a skill comparable to CGCMs?

2. How do the climate boundary conditions (temperature, evaporation, mean circu-

lation and circulation variability) for precipitation change with climate change and

can we quantify their role in changing precipitation.

3. What processes cause large uncertainties in precipitation in CMIP5 simulations?

1.4 Thesis Outline

The simplicity and fast performance of the GREB model makes it a perfect tool for

this study. However, before the GREB model can be used the rudimentary hydrological

cycle needs to be improved. In chapter 2 we describe the development of the new hy-

drological cycle model in GREB to address the first research question. This chapter is

based on Stassen et al. (2019). The development and improvement of the three parts

of the hydrological cycle model (precipitation, evaporation and water vapour transport)

are described and, three different sensitivity experiments are performed to validate and

evaluate the new model.

In chapter 3 the new model is applied to gain a deeper understanding of the precipi-

tation response to climate change to answer research question 2. To achieve this the

climate change response is separated into four forcings (surface temperature changes,

evaporation changes, mean circulation changes and circulation variability changes) and

the response of the GREB model to each forcing is evaluated. The method is validated

by comparing the super imposed response of the four forcings to the CMIP5 ensemble

mean response. This chapter is based on Stassen et al. (2020).

Chapter 4 applies a similar deconstruction used in chapter 3 to investigate the origin of

biases in precipitation in CMIP5 models to address research question 3.

In the last chapter, chapter 5, the precipitation reversal is discussed. This is a trend

12
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in the southern hemisphere simulated by climate models where the initial reduction in

precipitation is reversed and more rain is falling with climate change in the southern

hemisphere subtropics.

13



Chapter 2

New Hydrological Cycle Model

2.1 Preface

This chapter describes the development of the hydrological cycle model for the Globally

Resolved Energy Balance (GREB) model. Starting from a rudimentary hydrological cycle

model included in the GREB model, we develop three new models: precipitation, evapo-

ration and horizontal transport of water vapour. Precipitation is modelled based on the

actual simulated specific and relative humidity in GREB and the prescribed boundary

condition of vertical velocity. The evaporation bulk formula is slightly refined by consid-

ering differences in the sensitivity to winds between land and oceans, and by improving

the estimates of the wind magnitudes. Horizontal transport of water vapour is improved

by approximating moisture convergence by vertical velocity. The new parameterisations

are fitted against the Global Precipitation Climatology Project (GPCP) data set and re-

analysis data sets (ERA-Interim). The new hydrological cycle model is evaluated against

the Coupled Model Intercomparison Project phase 5 (CMIP5) model simulations, reduc-

tion in correction terms and by three different sensitivity experiments (annual cycle, El

Nino-Southern Oscillation and climate change). The skill of the hydrological cycle model

in the GREB model is now within the range of more complex CMIP5 coupled general

circulation models and capable of simulating key features of the climate system within

the range of uncertainty of CMIP5 model simulations. The results illustrate that the new

14



2.2. Introduction 2. New Hydrological Cycle Model

GREB model’s hydrological cycle is a useful model to study the climate’s hydrological

response to external forcings and also to study inter-model differences or biases.

2.2 Introduction

The simple Globally Resolved Energy Balance (GREB) model was originally developed

to simulate the globally resolved surface temperature and in particular its response to

a CO2 forcing (Dommenget and Flöter, 2011). The GREB code computes about one

model year per second on a standard personal computer. It therefore is a relatively fast

tool, which allows conducting sensitivity studies to external forcing within minutes to

hours (Dommenget and Flöter, 2011). The hydrological cycle in the GREB model was

only needed as a zero-order estimate to model the latent heat in the energy balance and

the atmospheric water vapour levels.

This chapter introduces a simple hydrological cycle model for the GREB model. The

aim of this hydrological cycle model is to present a simple and fast model for studies of

the large-scale climate in precipitation, its response to climate variability (e.g. El Nino

or climate change) and external forcings. We improve three separate parameterisations

in the model: precipitation, evaporation and the circulation of water vapour. The model

is based on the dynamical variables (surface temperature, atmospheric temperature and

humidity) in the GREB model and on the boundary conditions of the GREB model

(horizontal and vertical winds).

The following section presents the data sets used, the original GREB model and the

methods. In Section 2.4, the new parameterisations of the hydrological cycle model in the

GREB model are described. Section 2.5 presents three different sensitivity experiments

to test the new hydrological cycle model. Finally, we give a discussion and summary of

the results.

2.3 Data and Methods

The original GREB model has been described in chapter 1.2 and here only the new de-

velopments are discussed. The observed hydrological cycle in terms of the annual mean

and its seasonal cycle (DJF minus JJA) for precipitation, evaporation and moisture cir-

culation are shown in Figures 2.2a and 2.3a. The global pattern of observed precipitation
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GREB topography(a)
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ERA-Interim surface temperature(b)
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ERA-Interim surface humidity(c)
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[Pa/s]

ERA-Interim standard deviation vertical velocity(f)

0 0.01 0.02 0.03 0.04
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Figure 2.1: GREB mean state boundary conditions and reference climatologies: topography
(a), surface temperature (b), surface humidity (c), 850 hPa wind direction (streamline) and
strength (shading) (d), vertical velocity omega (e) and the daily standard deviation of vertical
velocity omega (f).

is marked by the ITCZ, its seasonal cycle and by the storm tracks of the midlatitudes.

The evaporation is strongest over subtropical oceans and has a complex seasonal cycle

with generally more evaporation in the warm season over land. The horizontal moisture

transport (Figures 2.2c and 2.3c) is dominated by large scale convergence and divergence

zones over the oceans and their seasonal shift.

Model simulations, pre-industrial (pi-Control) and Representative Concentration Path-

way 8.5 (RCP8.5), from the CMIP5 database are used for comparison (Taylor et al.,

2012). All data sets are regridded to a horizontal resolution of 3.75o × 3.75o to match

the GREB model grid. See Table 2.1 for a complete list of models used. The original

GREB hydrological cycle model, which is the starting point for this study, is shortly

presented below. All variables and parameters are listed and explained in Table 2.2. The
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Figure 2.2: The decomposition of the hydrological cycle into its parts precipitation in mm/day
(left column), evaporation (middle column) and circulation in kg/m2/s (right column) in
observations (upper row), the original GREB model (middle row) and the new GREB model
(lower row) for the annual mean.
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Figure 2.3: As Fig. 2.2 but for the seasonal cycle (DJF minus JJA). The decomposition of
the hydrological cycle into its parts precipitation in mm/day (left column), evaporation (middle
column) and circulation in kg/m2/s (right column) in observations (upper row), the original
GREB model (middle row) and the new GREB model (lower row) for the seasonal cycle.

precipitation is proportional to the specific humidity

∆qprecip = rprecip · qair (2.1)
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with Eq. (2.1), which corresponds to an autoregressive model with a decorrelation

(recirculation) time of about 14 days (Dommenget and Flöter, 2011). Evaporation,

∆qeva, in the original GREB model is calculated using an extended bulk formula:

∆qeva = ρair · cw · |u∗ + cturb| · θsoil · (qair − qsat) ·
1

rqviwv

(2.2)

The bulk formula depends on the saturation deficit (qair−qsat), the wind speed u∗, with

a turbulent wind factor cturb, the density of air ρair, the transfer coefficient cw, and a

linear regression factor, rqviwv, which links surface humidity to the vertically integrated

water vapour column (Dommenget and Flöter, 2011; Rapti, 2005). The saturation water

vapour pressure is calculated after (Dommenget and Flöter, 2011; James, 1995):

qsat = e
ztopo

zatmos
·3.75·10−3

· e17.08085·
Tsurf−273.15

Tsurf−38.975 (2.3)

Together, this leads to the complete tendency equation of specific humidity in GREB

dqair
dt

= ∆qeva + ∆qprecip + κ · ∇2qair − ~u · ∇qair + ∆qcorrect (2.4)

with the diffusion term κ·∇2qair, the advection term ~u·∇qair and the flux correction term

∆qcorrect. The simulated annual mean and seasonal cycle for precipitation, evaporation

and mean horizontal moisture transport are shown in Figures 2.2 and 2.3 for the original

GREB model as discussed above. The diffusion term is only one-fifth of the magnitude

of the advection term in hlthe global average (not shown) but is more important in

some locations and therefore not ignored in the GREB model. The original GREB model

simulated some of the main features of the regional differences in the precipitation and

evaporation, but many important details are missing (e.g. ITCZ, subtropical dry regions

or extratropical storm tracks). However, horizontal moisture transport is not simulated

well by the original GREB model.

Table 2.2: List of variables used in the GREB model.

Variable Dimension Description

ceva constant Evaporation efficiency

ceva−temp constant Temperature scaling of evaporation

Continued on next page
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Table 2.2 – Continued from previous page

Variable Dimension Description

cturb constant Turbulent wind offset for evaporation

cq constant Precipitation parameter for specific humidity

crq constant Precipitation parameter for relative humidity

cω constant Precipitation parameter for ω

cωstd constant Precipitation parameter for standard deviation of ω

f constant Convergence scaling parameter

g constant Gravitational acceleration

qair x, y, t Atmospheric humidity

qsat x, y, t Saturation pressure

qsat−skin x, y, t Saturation pressure with temperature offset

rprecip constant Mean lifetime of water vapour

rqviwv constant Regression between atmospheric humidity and vertically

integrated water vapour

rq x, y, t Relative humidity

Tsurf x, y, t Surface temperature

|u∗| x, y, t Absolute wind climatology

u x, y, t Horizontal wind climatology

zatmos constant Scaling height of atmosphere

ztopo constant Topographic height

zvapour constant Scaling height of water vapour

Θsoil x, y, t Surface wetness fraction

ρair constant Density of air

ωstd x, y, t Standard deviation of vertical wind climatology

qeva x, y, t Mass flux for the atmospheric humidity by evaporation

qprecip x, y, t Mass flux for the atmospheric humidity by precipitation

qcorrect x, y, t Mass flux correction of specific humidity

qcor−circul x, y, t Mass flux correction due to circulation

qcor−evapo x, y, t Mass flux correction due to evaporation

qcor−precip x, y, t Mass flux correction due to precipitation

Continued on next page
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Table 2.2 – Continued from previous page

Variable Dimension Description

qprecip−GREB x, y, t Precipitation change in GREB

qprecip−OBS x, y, t Precipitation change in observations

t constant Model integration time step

dtcrcl constant Model integration time step for circulation

κ constant Isotropic diffusion coefficient

ω x, y, t Vertical velocity in pressure coordinates

The seasonally varying flux correction term, ∆qcorrect, is calculated as the residual be-

tween the tendencies without flux corrections and observed tendencies:

∆qcorrect =
dqair
dt

∣∣∣∣
obs

−∆qeva + ∆qprecip + κ · ∇2qair − ~u · ∇qair (2.5)

This effectively corrects the GREB model to have a climatological specific humidity as

observed. The flux correction term ∆qcorrect can help to evaluate the improvements

in the hydrological cycle model. The better the model the smaller the correction term

should be in Eq. (2.5). We can therefore split the flux correction into three diagnostic

terms

∆qcorrect = ∆qcor−precip + ∆qcor−evapo + ∆qcircul (2.6)

With each term on the right-hand side representing the fraction of the flux corrections

attributed to precipitation, evaporation and circulation biases, respectively. Each term

is estimated as the difference between the observed and the GREB model tendencies of

the humidity resulting from precipitation, evaporation and circulation biases:

∆qcor−precip = ∆qprecip−OBS −∆qprecip−GREB (2.7)

∆qcor−evapo = ∆qevapo−OBS −∆qevapo−GREB (2.8)

∆qcor−circul = ∆qcircul−OBS −∆qcircul−GREB (2.9)

with the GREB model tendencies of the humidity resulting from circulation, ∆qcircul−GREB,
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Table 2.1: List of CMIP5 models used for developing the hydrological cycle model.

Models

ACCESS1-0 ACCESS1-3 bcc-csm1-1

bcc-csm1-1-m BNU-ESM CCSM4

CESM1-BGC CESM1-CAM5 CESM1-FASTCHEM

CESM1-WACCM CMCC-CM CMCC-CM5

CSIRO-Mk3-6-0 CanESM2 EC-EARTH

FGOALS-g2 FGOALS-s2 FIO-ESM

GFDL-CM3 GFDL-ESM2G GFDL-ESM2M

GISS-E2-H-CC GISS-E2-H-R HadGEM2-CC

HadGEM2-ES inmcm4 MIROC-ESM-CHEM

MIROC-ESM MIROC4h MIROC5

MPI-ESM-LR MPI-ESM-MR MPI-ESM-P

MRI-CGCM3 NorESM1-M NorESM1-ME

defined as:

∆qcircul−GREB = κ · ∇2qair − ~u · ∇qair (2.10)

The observed humidity tendencies resulting from circulation, ∆qcircul−GREB, are defined

by the residual of the total humidity tendency minus the precipitation and evaporation

tendencies. By construction, all three flux correction terms (evaporation, precipitation

and circulation) sum up to the total flux correction term.

2.4 Hydrological Cycle Model Development

The development of the new hydrological cycle model of the GREB model is based on the

existing zero-order hydrological cycle model of the GREB model. The following section

outlines the development of each of the three models and discusses how the change

in the reference climatologies from NCEP to ERA-interim has affected the model. All

variables are summarised in Tab. 2.2.

2.4.1 Precipitation

The original GREB precipitation model captures some large-scale aspects of the mean

and seasonal cycle of observed precipitation, such as more precipitation in the tropics

and during warm seasons over land (Figures 2.2 and 2.3). It has however, substantial

differences from the observed precipitation, as it cannot capture the high rainfall in the
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ITCZ, the enhanced precipitation over the midlatitudes storm track regions and misses

many aspects of the seasonal cycle. The root mean square error for the annual mean of

the original GREB model precipitation parameterisation is 1.46 mm day−1.

The new parameterisation of precipitation in the GREB model is assumed to be

proportional to qair, as in the original GREB model. We further assume that relative

humidity, rq, and upward air motion, ω, increase rainfall. The latter is assumed to be a

function of the mean and the standard deviation of the daily mean variation, ωmean and

ωstd, respectively. The new precipitation parameterisation is:

∆qprecip = rprecip · qair · (cq + crq · rq + cω · ωmean + cωstd · ωstd) (2.11)

The model parameters, rprecip, cq, crq, cω and cωstd are fitted to minimise the root

mean square error (RMSE) between observations and GREB simulated precipitation. As

training period the monthly mean climatologies of precipitation and the precursors (e.g.

relative humidity) are used. Thus, the GREB model is trained for the mean climate. For

validation of the precipitation parameters three sensitivity experiments were designed

(see chapter 2.5). The resulting mean precipitation and its seasonal cycle are shown

in Figures 2.2g and 2.3g. The model is evaluated in a Taylor diagram in Figures 2.4a

and b against observations. The new GREB precipitation model is now very close to the

observed precipitation patterns in both the mean and annual cycle. It is actually closer to

the observed precipitation than any CMIP5 model (Figures 2.4a and 2.4d). We further

test the different elements of the precipitation model by only considering a subset of the

variables in Eq. (2.11), setting the other terms to zero and fitting the parameterisations

for these reduced models. This allows us to estimate the effect of each term in the

equation, see Figures 2.4a and 2.4b and Figure 2.5.

Relative humidity (rq) is widely used in climate models as a predictor for precipitation

(Petoukhov et al., 1999, 2005; Wang and Myask, 2000; Weaver et al., 2001). In the

GREB model it increases precipitation mainly over humid regions such as the Amazons

Basin (Figure 2.5c) and amplifies the seasonal cycle (Figure 2.5d). The overall pattern

of rainfall with high precipitation in the tropics and decreasing towards higher latitudes

is not changed. Including rq gives some moderate improvement relative to the original

GREB model (Figure 2.4a comparing marker ‘0’ to marker ‘b’).

The mean vertical air motion (ωmean) provides a substantial improvement of the
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Figure 2.4: Precipitation (left column), evaporation (middle column) and circulation (right
column) in the annual mean (top row) and seasonal cycle (bottom row) in mm/day in a Taylor
diagram against observations from GPCP and ERA-Interim. Red colours indicate different
GREB parametrisations with 0 being the original and * the best parametrisation. Blue dots
are pi-Control CMIP5 models and the green cross indicates the ensemble mean of all CMIP5
models.

precipitation model (Figures 2.4a and d comparing marker ‘0’ to ‘c’). Ascending air

masses in the ITCZ lead to increased precipitation, whereas descending air masses (i.e.

in the subtropics) supress precipitation. It creates a sharper and more realistic gradient

in precipitation than the original GREB model (compare Figures 2.2d & 2.5e). With the

addition of ωmean, GREB is in the range of uncertainty of more complex CMIP5 models

in the annual mean and the seasonal cycle (Figures 2.4a and d). The GREB precipitation

model without ωstd has still fairly weak mean precipitation in the midlatitudes storm track

regions (compare Figures 2.5g and 2.2g) and has a weak seasonal cycle with the wrong

sign in these regions as well (compare Figures 2.5h and 2.2g). The transient pressure

systems in these regions lead to large vertical motions (ω) on shorter, daily time scales

that result into large precipitation, but have a near zero ωmean. Thus, to capture the

precipitation in regions with strong variability in ω, but weak ωmean, we include ωstd.

ωstd is calculated with a daily time resolution to capture daily changing weather and wind

patterns. This mainly enhances rainfall in the midlatitudes and high latitudes (Figures
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Figure 2.5: Annual mean precipitation for four development steps of the GREB precipitation
parametrisation (a, c, e, g) and their corresponding seasonal cycles (b, d, f, h) in mm/day.
The first step was changing the specific humidity boundary climatology (a) and (b). Then
subsequently more variables have been added to the precipitation parametrisation: adding only
relative humidity (c, d), adding only omega (e, f), adding relative humidity and omega (g, h).

2.2g and 2.3g) and is used to mimic precipitation in the storm tracks.

In summary, the new GREB precipitation model is significantly better than the original

model. The RMSE is reduced by 0.65 mm day−1 to 0.81 mm day−1 in the annual mean

and by 1 mm day−1 in the seasonal cycle. GREB precipitation now has a comparable skill

to more complex CGCMs and lies within the range of uncertainty of CMIP5 modelled
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precipitation. Introducing the new precipitation parameterisation globally reduces the

flux corrections of specific humidity caused by precipitation, see Figures 2.6c and 2.6d.

The root mean square of the flux corrections caused by precipitation are reduced by more

than 40%, indicating that the new parametrization has indeed improved the simulation

of the hydrological cycle in the GREB model. Similar improvements are gained for the

seasonal cycle (Figures 2.7c and 2.7d). The original GREB model showed large flux

corrections, especially in the tropics where the ITCZ moves with seasons and in the

midlatitudes. The pattern of the flux corrections of the new model still looks similar to

the original model, but is only half as large in amplitude (Figures 2.6c & d and 2.7c &

d).

2.4.2 Evaporation

In the original GREB model, evaporation is calculated using a widely used bulk formula

approach (see Eq. (1) in Richter and Xie (2008)). This model does capture the main

aspects of the regional differences in the annual mean evaporation in GREB, with en-

hanced evaporation over subtropical oceans and weaker evaporation over land (Figure

2.2e). The seasonal cycle (Figure 2.3e) is, however, very different from observed, and

the land-sea differences are too strong.

For the new evaporation model, we retained the original bulk formula approach and

included a few minor changes by considering land-sea differences, revised wind (u∗)

estimates, scaled effectivity and skin temperature. The new evaporation model is:

∆qeva =
1

rqviwv

· ρair · ceva · cw · |u∗ + cturb| · θsoil · (qair − qsat−skin) (2.12)

The constant ceva modifies the evaporation efficiency for a given mean wind speed,

u∗. qsat−skin is an estimate of saturated humidity considering skin temperature. It is

calculated using:

qsat−skin = e
ztopo

zatmos
·3.75·10−3

· e17.08085·
Tsurf+ceva−temp−273.15

Tsurf+ceva−temp−38.975 (2.13)

The parameter ceva−temp is a constant temperature offset to mimic skin temperature dif-

ference to Tsurf . The parameters ceva, ceva−temp and cturb are fitted against observations

for ocean and land points individually to minimise the RMSE. The values we estimated
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Figure 2.6: Annual mean flux corrections of specific humidity for the original GREB model (a)
and the improved GREB model (b). The flux corrections are then split into their contributions
of precipitation (c, d), evaporation (e, f) and circulation (g, h) for the original GREB model
(left column) and the improved GREB model (right column) in kg/m2/s. The top right shows
the global root-mean-square (RMS).

are:

ceva =

0.25 over land

0.58 over ocean

(2.14)
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Figure 2.7: As Fig. 2.6 but for the seasonal cycle (DJF minus JJA). Flux corrections of
specific humidity for the original GREB model (a) and the improved GREB model (b). The
flux corrections are then split into their contributions of precipitation (c, d), evaporation (e,
f) and circulation (g, h) for the original GREB model (left column) and the improved GREB
model (right column) in kg/m2/s. The top right shows the global root-mean-square (RMS).

ceva−temp =

5K over land

1K over ocean

(2.15)

cturb =

11.5 over land

5.4 over ocean

(2.16)
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The scaled effectivity (ceva) is lower over land than over oceans reflecting the fact

that for a given u∗ more evaporation is simulated over oceans. This appears to be

realistic considering that land has lower wind speeds near the surface for a given u∗ due

to the topography and vegetation. The value of ceva · cw closely match the observed

values over oceans (Anderson and Smith, 1981; Merlivat, 1978).

The skin temperature difference approximated by ceva−temp is larger over land. It

reflects that the GREB model does not simulate the daily cycle, and the larger daily

cycle over land leads to an effectively larger difference between the simulated Tsurf and

the skin temperature. The offset of 1 K over oceans is also found by Feng et al. (2018).

The wind magnitudes (u∗) in the original GREB model were estimated on the basis

of the monthly mean climatologies of the zonal and meridional wind components. This,

however, is not an accurate estimate of the monthly mean wind magnitudes, as it neglects

the turbulent term due to high frequent variability. In the new GREB model we estimate

the monthly mean u∗ climatology based on the original 6 hourly ERA-Interim time steps.

We can estimate how much each of these changes improved the evaporation model

by including only one of these changes and fitting the parameters of these models indi-

vidually, see Figures 2.4 b & e and Figure 2.8.

Fitting the evaporation efficiency ceva and the turbulent wind factor improves evapo-

ration over land, especially in the seasonal cycle (Figure 2.8d), and reduces the strength

of evaporation over the ocean. The increase in evaporation over land is caused by the

increase in the turbulent wind factor. ceva would decrease the evaporation in the annual

mean and the seasonal cycle. By including the new estimate of monthly mean wind

speed u∗ the pattern of evaporation is getting closer to observations, especially over

the oceans (i.e. Figure 2.8f, North Atlantic), and by including the new estimate of skin

temperature the seasonal cycle is improving slightly (Figure 2.4e).

The original GREB model was evaporating too much on the annual mean (see Fig-

ure 2.2e) especially over the equatorial Pacific and Atlantic. The new hydrological cycle

model parameterisation largely decreases evaporation over these regions and the flux

corrections are reduced over the globe in the annual mean (Figures 2.6e & f). The cor-

relation of the annual mean experiences the largest changes from changing the reference

climatology (Figure 2.4b).

In the seasonal cycle, each included variable improves the simulation of evaporation
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Figure 2.8: Annual mean evaporation for three development steps of the GREB evaporation
parametrisation (a, c, e) and their corresponding seasonal cycles (b, d, f) in kg/m2/s. The
first step was changing the boundary climatology (a) and (b). Then subsequently more vari-
ables have been added to the evaporation parametrisation: fitting the evaporation parameters
separately for ocean and land (c, d) and fitting parameters and prescribing the wind speed (e,
f).

in the GREB model (Figure 2.4e). The seasonal cycle of flux corrections caused by

evaporation in the original GREB model is large over land and large over oceans. There

are positive flux corrections around the equator and negative flux corrections over the

oceans north of the equator (Figure 2.7e). The improved evaporation seasonal cycle

mainly removes this distinct pattern over the oceans and reduces flux corrections over

most land areas. (Figures 2.7e & f). Overall, the new evaporation model is slightly better

than in the original GREB model, but it still has substantial limitation in simulating the

seasonal cycle correctly (Figures 2.2h & 2.3h).
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2.4.3 Transport

The original GREB model transport of moisture was very weak and had little agreement

with observations (Figures. 2.2f and 2.2f). Atmospheric transport of moisture in GREB

(Eq. (2.10)) is controlled by diffusion and advection with mean winds. This model

considered a divergence free two-dimensional flow. However, moisture convergence, as

it occurs, for example in the ITCZ, is important for the transport of moisture in these

regions. The mean convergence by advection including the moisture convergence term

is:

~∇(~u · qair) = ~u · ~∇qair + qair · ~∇~u (2.17)

The second term on the right-hand side was not considered in the original GREB model,

but is now considered in the new model. The moisture convergence term can be ap-

proximated by knowing the mean vertical air flow assuming continuity and hydrostatic

balance:

~∇(~u · qair) = qair · f ·
dtcrcl

zvapour · ρair · g
· (−ωmean) (2.18)

with the known parameters scaling height of water vapour, zvapour, density of air, ρair,

gravitational acceleration, g, and the circulation time step, dtcrcl. The scaling factor,

f, should theoretically be 1.0, but the mean large-scale horizontal winds and vertical

velocities may not perfectly match because of the coarse horizontal resolution. Other

factors that influence f could be, the single layer approximation, the GREB scaling height

of water vapour that is larger than literature values or calculating the reference circulation

as residual. A fit of Eq. (2.18) to observations finds that f = 2.5.

This new model has now a fairly realistic transport in the annual mean and the

seasonal cycle (Figures 2.2i and 2.3i), with clear moisture transport out of regions with

diverging flow (e.g. in the subtropics off the coast of Peru) and into converging zones

(e.g. ITCZ). The new parameterisation of convergence also reduces the flux corrections

in the annual mean and the seasonal cycle (Figures. 2.6g & h and 2.7g & h).

2.4.4 Boundary Conditions and Input Data

The original GREB model used the NCEP reanalysis as boundary conditions and as ref-

erences for estimating the parameterisation of the model. New generations of reanalysis
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products have improved, because of the use of better models, better input data and

better assimilation products (Dee et al., 2011). This is shown by Chen (2016) who in-

vestigated the variability and trends of the vertically integrated water vapour and found

that ECMWF’s ERA-Interim reanalysis has a higher accuracy than NCEP and a better

agreement with observations over oceans and in the tropics. NCEP underestimates wa-

ter vapour in troposphere (Kishore et al., 2011). We therefore changed the reference

climatology of specific humidity in the GREB model from NCEP to ERA-Interim. To get

a consistent model, we also take surface temperature, horizontal winds, the climatology

of ω and standard deviation of ω from ERA-Interim. The effect of changing the mean

climatology from the years 1950-2008 to 1979-2015 is small compared to the differences

between NCEP and ERA-Interim. The parameters of our new GREB hydrological cycle

model are then fitted against the new reference climatologies.

We estimate the effect that the change in reference climatologies will have on the

new GREB hydrological cycle model by fitting the parameters of the new model as de-

scribed above to both the NCEP and ERA-interim reanalysis. The resulting hydrological

cycle models are evaluated against observations (GPCP and ERA-Interim) in Taylor dia-

grams for the annual mean. Changing the reference climatology does not lead to major

improvements in the representation of the hydrological cycle in the GREB model, but

it increases the correlation of precipitation, evaporation and circulation and reduces the

RMSE (Figure A1 in the Appendix). The main improvement is in the tropics and might

be related to the underestimated value of specific humidity in the tropics found by Chen

(2016) and Kishore et al. (2011).

2.5 Model Verification

We now test the new hydrological model in a series of three different sensitivity experi-

ments. The discussion focuses on evaluating the new model. The three examples test the

hydrological cycle model response to changes in the boundary conditions. These changes

are beyond those used to fit the model parameterisation and can therefore be a test of

the model’s skill. We will leave more in-depth analysis of some of these experiments to

future studies.
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2.5.1 Seasonal Cycle

The response of the hydrological cycle to seasonal changes is a good test for evaluat-

ing the skill of the hydrological cycle model. The GREB model applies monthly flux

correction terms to maintain a mean atmospheric humidity as observed. Thus, by con-

struction the specific humidity in each calendar month in the GREB model is identical

to the observations; see Figure 2.9a.
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Figure 2.9: Annual cycle of specific humidity with seasonal varying flux corrections (a, d) and
annual mean flux corrections for original GREB (b, e) and improved GREB (c, f) in g/kg. The
top row shows the northern (solid) and southern (dashed) hemispheric mean for observations
(black) and GREB (blue). The bottom shows the respective seasonal cycle (DJF minus JJA).
For the seasonally varying flux corrections (a) GREB (blue) matches observations (black).

To illustrate that the seasonal cycle is not a feature of the seasonally varying flux

corrections, we changed the flux corrections to an annual mean value for the original

GREB model (middle column in Figure 2.9) and for the new GREB model (right column

in Figure 2.9). This annual mean flux correction value is added on every time step to

the tendency equation of specific humidity (Eq. (2.4)).

With the new parameterisations for precipitation, evaporation and circulation the

new GREB model resolves the seasonal cycle better than the original GREB model

(Figure 2.9). The seasonal cycle of the original GREB model was too weak in the

Northern Hemisphere when compared to observations, and throughout the year the

GREB model was too dry (Figure 2.9b). For the Southern Hemisphere, the original

GREB model was too wet. The new GREB model captures the high humidity in northern

hemispheric summer and the low values in winter (Figure 2.9c). This makes the seasonal
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cycle stronger in the new GREB model and it is closer to the reference climatology. In

summary, the new GREB hydrological cycle model simulates the seasonal evolution of the

atmospheric humidity very well and significantly better than the original GREB model.

2.5.2 El Nino Southern Oscillation

Strong El Nino and La Nina events lead to significant changes in the tropical precipi-

tation and associated hydrological cycle changes. Since these natural modes of climate

variability are well documented, they present a good test case for the GREB model.

We therefore conducted a set of sensitivity experiments with the GREB model forced

by the mean conditions for strong El Nino and La Nina events. The GREB model was

forced with mean composites of surface temperature, horizontal winds and ω from obser-

vations for four El Nino (1982/83, 1887/88,19 91/92, 1997/98) and La Nina (1988/89,

1999/00, 2007/08, 2010/11) events. The anomalies are calculated around El Nino/La

Nina from May before the peak in December to April in the following year and against

the climatological mean. In the GREB model simulation, they are added on top of the

reference climatology. The observed anomalies in the hydrological cycle during these El

Nino events are shown in Figures 2.10a-c. The skill of simulating La Nina events are

qualitatively the same. We clearly note strong regional changes in the precipitation in

the tropical Pacific that match changes in moisture transport (Figure 2.10c), illustrating

that El Nino-Southern Oscillation (ENSO) events mark strong regional changes in the

hydrological cycle related to changes in the circulation.

The new GREB response in precipitation shows a strong similarity with the observed

changes (Figure 2.10g). There is a shift of rainfall from the Maritime Continent towards

the NINO3.4 region (5oN to 5oS & 170oW to 120oW) over the Pacific. However, the

overall amplitude in the precipitation response is in general weaker than observed. In

contrast, the original GREB model has nearly no precipitation response to the ENSO

forcings. This is consistent with the weak response in the circulation in the original GREB

model (Figure 2.10f). The correlation between the GREB simulated El Nino response

increases from 0.0 for the original GREB model to 0.9 with the new GREB model.

The observed evaporation response to ENSO events in the tropical Pacific somewhat

counteracts the precipitation response, as we observe mostly decreased evaporation over

regions with enhanced precipitation and increased evaporation over regions with reduced
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Figure 2.10: The El Niño response of the hydrological cycle in: observations for precipitation
(a) in mm/day, evaporation (b) and circulation (c) in kg/m2/s (upper), original GREB model
for precipitation (d), evaporation (e) and circulation (f) (middle) and the improved GREB
model for precipitation (g), evaporation (h) and circulation (i) (lower). GREB uses prescribed
anomalies from an El Niño composite mean of surface temperature, horizontal winds and
vertical winds (omega).

precipitation (Figures 2.10a and b). These evaporation changes are mostly caused by

changes in winds, with decreased evaporation over regions were the winds have weakened

(e.g. NINO3.4 region). The new GREB model somewhat captures this pattern, but

shows a stronger evaporation response, which partly explains the weaker precipitation

response. However, both the original and the new GREB model evaporation have only

a weak spatial correlation (0.3) with the observed evaporation changes overall.

The observed strong changes in the circulation of atmospheric humidity (Figure

2.10c) is mostly due to changes in the convergence of moisture (e.g. ω). Since conver-

gence of moisture was not considered in the original GREB model, the simulated changes

in the circulation are very weak in the original GREB model (Figure 2.10f). The new

GREB model does consider convergence of moisture and simulates the changes in the

circulation of atmospheric humidity very similar to the observed (Figure 2.10i). The new

circulation parameterisation in the new GREB model improves the correlation between

the observed and the simulated circulation tendency from 0.3 (original GREB) to 0.95.

In summary, the new GREB model does simulate the precipitation and circulation

response to ENSO conditions fairly well, whereas the original GREB model has very little
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skill, illustrating the significant improvement of the new GREB model over the original

GREB model. However, the evaporation response in both models is not as well simulated

as the precipitation and circulation response.

2.5.3 Global Warming

The response of the hydrological cycle to global warming is one of the potential ap-

plications of the GREB model and a comparison of the GREB model with the CMIP

model simulations response to global warming provides a good test. The CMIP5 ensem-

ble mean response of precipitation shows a distinct increase of rainfall in the equatorial

Pacific, decreases of mean rainfall in some subtropical regions (i.e. east Pacific) and

increases in some areas of the midlatitudes; see Figure 2.11a. This pattern is normally

referred to as wet-get-wetter paradigm (Held and Soden, 2006). Although this approach

has been questioned by more recent studies (Chadwick et al., 2013) it still gives a good

first order approach to the changes in the global hydrological cycle, although changes

over land might be muted or even reversed (He and Soden, 2016).

CM
IP

Precipitation(a) Evaporation(b) Circulation(c)

GR
EB

 o
rig

.

(d) (e) (f)

GR
EB

 n
ew

(g)

2 0 2 4
mm day-1 K-1 1e 1

(h) (i)

3 2 1 0 1 2 3
kg m-2 s-1 K-1 1e 6

Climate change response

Figure 2.11: Response of the hydrological cycle to an RCP8.5 forcing in the: CMIP5 ensemble
mean for precipitation (a) in mm/day, evaporation (b) and circulation (c) in kg/m2/s (upper),
original GREB model for precipitation (d), evaporation (e) and circulation (f) (middle) and the
improved GREB model for precipitation (g), evaporation (h) and circulation (i) (lower). GREB
uses prescribed anomalies from CMIP5 ensemble mean of surface temperature, horizontal winds
and vertical winds (omega). All responses are shown per degree of warming.
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To evaluate the GREB hydrological cycle model independent of the other GREB

model components, such as the surface temperature tendencies, we force the original

and new GREB models with RCP8.5 equivalent CO2 concentrations and all other input

variables for the hydrological cycle model taken from CMIP model simulations. That

is, we add surface temperature, horizontal winds and vertical velocity RCP8.5 CMIP5

ensemble mean anomalies from the models described in Table 2.1 on top of the GREB

control reference climatologies. In the control run, the reference boundary conditions of

surface temperature, horizontal winds and ω are taken.

The precipitation response in the original GREB model is positive in all locations and

it closely follows the pattern of specific humidity in the control simulation (see Eq. (2.1)

and Figure 2.11d). This is mainly due to an increase in the saturation water vapour

pressure of about 7% per degree of warming (Clausius-Clapeyron). The original GREB

precipitation response pattern is not correlated to the CMIP5 ensemble mean response

pattern (Figure 2.12a), suggesting that local differences in the precipitation response are

very different from those in the CMIP simulations.

0

01

Figure 2.12: RCP8.5 response of CMIP5 models (blue), original GREB (0) and improved
GREB (*) per degree of global warming against the CMIP5 ensemble mean (black star).
Precipitation is shown on the left, evaporation in the middle and circulation on the right column.
GREB uses prescribed anomalies from the CMIP5 ensemble mean of surface temperature,
horizontal winds and vertical winds (omega). The pattern correlation of the original GREB
model precipitation response with the ensemble mean is zero. The original and improved GREB
model have zero correlation with the ensemble mean evaporation and the standard deviation
is one for both.

The improved GREB model response pattern is similar to the CMIP models with

enhanced and reduced response roughly at similar locations. This is strongly related to

the moisture transport changes. The precipitation pattern correlation improves from 0 to
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0.5 and the water vapour circulation pattern correlation from 0.05 to 0.65 (Figures 2.12a

and c). However, the overall global mean precipitation response in the new GREB model

is shifted upwards, which is not measured by the correlation coefficient, compared to the

CMIP5 ensemble mean, which is related to the much stronger response in evaporation

(compare Figures 2.11b and h). Evaporation is still a problem in the GREB model with

no improved correlation in the new hydrological cycle model. In CMIP5 models, we see

a muted response of evaporation mainly due to changes in surface relative humidity and

surface stability (Richter and Xie, 2008).

2.6 Chapter Summary and Discussion

In this study, we introduced the newly developed hydrological cycle model for the GREB

model. It consists of three parts: precipitation, evaporation and transport. The devel-

opment of these models started from the existing zero-order hydrological cycle model of

the GREB model and used physical reasoning and observations for fitting parameters.

The simulation of precipitation and transport of moisture in the new hydrological

cycle model is now comparable in skill to CMIP models in terms of annual mean and the

seasonal cycle of rainfall. The simulation of precipitation in the GREB model is closer

to the observed precipitation pattern than any CMIP5 model in both the annual mean

and the seasonal cycle. This is directly related to the fact that the GREB mode has a

prescribed atmospheric circulation, which is the main driver of the global precipitation

pattern. It is important to point out that while the atmospheric circulation is prescribed

in the GREB model specific humidity is free to respond, which leads to some differences

between the GREB model and the CMIP5 model water vapour circulation (see Fig. 2.11

and Eq. 2.18).

The evaporation has only improved slightly but does simulate the annual mean values

fairly well. However, it is still different from the observed seasonal cycle and the skill is

much lower than that of the CMIP model. This suggests that the evaporation model is

still a limiting factor in the GREB model.

We applied the new hydrological cycle model to a number of sensitivity studies, which

illustrated that the new hydrological cycle model is much improved over the original

GREB model. The annual cycle simulation without any correction terms is very realistic
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with the new model, and the precipitation response to ENSO events is now very similar

to the observed, due to the much-improved transport of moisture. Finally, the response

to global warming now shows a precipitation response pattern that is comparable to

that of the CMIP models. Again, a limiting factor in this sensitivity experiment was

the evaporation response of the GREB model in comparison to that of CMIP models.

Additionally, changes in ωstd have not been considered in this chapter, but do play an

important role in the precipitation response to climate change. This will be discussed

more in the next chapter.

All three parts of the GREB hydrological cycle (precipitation, evaporation, moisture

transport) interact through specific humidity ( 2.4). This interaction allows the GREB

hydrological cycle to be globally balanced (i.e. ∆qprecip = ∆qeva) without artificially

forcing precipitation to match evaporation. This is important for the following chapters.

An interesting aspect of the GREB model is that it has the atmospheric circulation

(vertical and horizontal winds), humidity and surface temperatures as boundary condi-

tions. This allows the GREB model to be used as a diagnostic tool to understand how

different boundary conditions affect aspects of the climate system, such as the hydrolog-

ical cycle’s response to global warming. The GREB has clear limitations in its response

to global warming (i.e. no drying) and is limited through its simplicity and lack of a more

dynamic response. The GREB model atmospheric circulation, mean horizontal winds,

mean vertical velocity and vertical velocity variability are not dynamically responding to

a warmer climate restricting the GREB model to take changes in these climate variables

from more complex models (i.e. CMIP5). The course time resolution of the GREB

model does not allow to consider vertical velocity on a daily time scale but rather as a

standard deviation in order to consider weather events. While all this limits the GREB

model there are advantages being able to exactly control the boundary conditions. The

ability to prescribe the boundary conditions allows the GREB model to take any climate

mean state and may help to study how biases in the hydrological cycle in CMIP models

related to different boundary conditions from the atmosphere, such as biases in the verti-

cal winds. A recent study by Yang et al. (2018) links circulation biases in CMIP models

to biases in precipitation and moisture. Forcing GREB with the circulation of CMIP

models could shed light on how discrepancies in circulation between CMIP models affect

the hydrological cycle. The new GREB hydrological cycle model is therefore a good tool
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in helping to conceptually understand the hydrological cycle and its response to global

warming or other external forcings. It will further help in understanding CMIP model

biases in the simulation of the hydrological cycle.
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Chapter 3

Conceptual Deconstruction of the

Simulated Precipitation Response to

Climate Change

3.1 Preface

State-of-the-art climate change projections of the CMIP5 simulations suggest a fairly

complex pattern of global precipitation changes, with regions of reduced and enhanced

precipitation. Conceptual understanding of these projected precipitation changes is dif-

ficult if only based on coupled general circulation model (CGCM) simulations, due to

the complexity of these models. In this study we describe a simple deconstruction of

the ensemble mean CMIP5 projections based on sensitivity simulations with the glob-

ally resolved energy balance (GREB) model. In a series of sensitivity experiments we

force the GREB model with four different CMIP5 ensemble mean changes in: surface

temperature, evaporation and the vertical atmospheric velocities mean and its standard

deviation. The resulting response in the precipitation of the GREB model is very close

to the CMIP5 ensemble mean response, suggesting that the precipitation changes can

be well represented by a linear combination of these four forcings. The results further

provide good insights into the drivers of precipitation change. The GREB model suggests

40



3.2. Introduction 3. Conceptual Deconstruction

that not one forcing alone can be seen as the main driver, but only the combination of

all four changes results in the complex response pattern. However, the dominant forc-

ings are the changes in the large-scale circulation, rather than the pure thermodynamic

warming effect. Here, it is interesting to note that changes in high-frequency atmo-

spheric variability of vertical air motion (weather), that are partly independent of the

changes in the mean circulation, have a control on the pattern of the time-mean global

precipitation changes. The approach presented here provides a powerful basis on which

the hydrological cycles of CGCM simulations can be analysed.

3.2 Introduction

In his attempts to explain ice ages Arrhenius (1896) was the first to link variations in CO2

concentration to the greenhouse effect using basic physical considerations. Decades after

him others followed using basic energy balance models to estimate the effect increasing

levels of greenhouse gases have on the climate (Budyko, 1972; North et al., 1981; Sellers,

1969). Since the first numerical weather forecast by L.W. Richardson in the 1920s was

produced by hand, the computational revolution helped develop simple energy balance

models into fully complex coupled general circulation models (CGCMs) (Manabe and

Stouffer, 1980; Meehl et al., 2007; Meehl and Stocker, 2007). Since then the main aim

of model development has been to improve the physical representation of the processes

in the climate system by either including more processes that have not been considered

before, or by increasing the resolution of models. These CGCMs simulate processes in

the ocean, on land and in the atmosphere and are therefore focusing on the most realistic

and best representation of the climate system as a whole.

In recent decades increasing computer power has allowed these highly complex

CGCMs to progressively increase their resolution and there is a strong interest in the re-

search community to push the resolution of climate models to new boundaries (Haarsma

et al., 2016; Marotzke et al., 2017). It has been shown that increasing the model reso-

lution addresses a lot of common problems seen in CGCMs (Haarsma et al., 2016), such

as aspects of the large-scale circulation (Masson et al., 2012; Shaffrey et al., 2009), the

global water cycle (Demory et al., 2014), movements of the Atlantic inter-tropical con-

vergence zone (ITCZ) (Doi et al., 2012) and the diurnal precipitation cycle (Birch et al.,
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2014; Sato et al., 2009). While expanding the scope of climate models by adding more

processes and increasing the resolution, several existing problems, such as substantial

precipitation biases, remain unsolved. In addition, constantly increasing the resolution

and complexity of climate models does not help to gain a more conceptual understand-

ing of climate change, as multiple processes interact with each other (Dommenget and

Flöter, 2011).

Projections of how rainfall is changing are primarily based on CGCMs simulations of

the Coupled Model Intercomparison Project version 5 (CMIP5) or earlier. These sim-

ulations project an increase in global mean precipitation of roughly 2% per degree of

warming (Held and Soden, 2006). The 2% change in precipitation comes in contrast to

an increase in atmospheric water vapour of about 7% per degree of warming closely fol-

lowing the Clausius-Clapeyron equation. This muted response is explained by a general

slowdown of the atmospheric circulation (Chadwick et al., 2013; Held and Soden, 2006)

and changes in radiative cooling (Allen and Ingram, 2002; Pendergrass and Hartmann,

2014). That is, as water vapour increases, the atmosphere cannot emit radiation at a

large enough rate to support precipitation matching the rate of increase in water vapour

(Stephens and Ellis, 2008). Many studies have suggested that changes in radiative cool-

ing dictate the global precipitation response and in turn control the global evaporation

response, which on long time scales have to match. However, Webb et al. (2018) showed

that increases in surface evaporation can have a substantial impact on radiative cooling

itself. Richter and Xie (2008) looked at this muted response of precipitation from the

perspective of evaporation and found that the evaporation response is mainly limited

through increases in surface relative humidity and surface stability. This highlights the

fact that precipitation and evaporation are closely linked and makes it a complex cycle

to study.

Although precipitation is increasing by 2% per degree of warming globally, this does

not mean it is increasing at the same rate everywhere. Precipitation is generally projected

to increase in the ITCZ, with a large-scale precipitation decline in the subtropics and an

increase in precipitation in mid- to high- latitude storm tracks (Allen and Ingram, 2002;

Chou and Neelin, 2004; He and Soden, 2016; Held and Soden, 2006; Neelin et al., 2006).

This pattern change is often referred to as the ‘wet-get-wetter’ (Held and Soden, 2006).

The wet-get-wetter hypothesis is mainly built on the idea that a warmer atmosphere
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holds and therefore transports more moisture out of dry regions into wet regions if the

circulation remains unchanged (Chadwick et al., 2013). The thermodynamic response

would also lead to a high correlation between the mean, historical precipitation and the

change of precipitation with climate change. However, Chadwick et al. (2013) have

shown that on regional scales the precipitation response is poorly correlated with pre-

industrial precipitation, leaving the conclusion that the dynamics are changing. There has

been an observed weakening of the Walker circulation (Vecchi et al., 2006), a weakening

of the Hadley cells (Lu et al., 2007; Vecchi and Soden, 2007) and a poleward shift of

storm tracks (Bengtsson et al., 2006; Mbengue and Schneider, 2017; Yin, 2005) while

a shift in tropical convergence zones (Chadwick et al., 2013) has been shown in GCM

projections.

In this chapter we present a conceptual deconstruction of the CMIP5 ensemble mean

precipitation changes, to better understand the climate change forcings that drive these

changes. The forcings that control precipitation changes can be illustrated by a sim-

plified sketch of the atmospheric water cycle (Fig. 3.1). Here an atmospheric volume

contains a water reservoir (humidity) that is controlled by the in and out flow of water

due to horizontal transport, evaporation and precipitation. Given this mass balance, pre-

cipitation changes result from changes in the humidity, horizontal transport, evaporation

or in the processes that control precipitation.

We will use the Globally Resolved Energy balance (GREB) model from Dommenget

and Flöter (2011) with the hydrological cycle model from chapter 2 to investigate how

the CMIP5 ensemble mean projected changes in the surface temperatures, atmospheric

circulation and evaporation lead to the projected changes in precipitation. We will

illustrate the feasibility of this approach and discuss how the individual elements of the

changing climate contribute to the projected changes in precipitation. The following

section will introduce the data, models and methods used. It will in particular discuss

the GREB model and how we make use of it as an analytical tool. In section 3.4 the

main results of this study will be presented. Finally, we give a discussion and summary

of the results.
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humiditytransport transport

precipitation evaporation

Atmospheric water cycle

Figure 3.1: GREB simplified hydrological cycle. Precipitation and evaporation do not have
to be balanced locally (here shown as two different sized arrows).

3.3 Data and Methods

This section provides an overview on the CMIP5 model data used. It further gives a

short introduction to the GREB model, how it differs from other climate models (e.g.

CGCMs) and discusses the hydrological cycle model in the GREB model, which is a

key element for this study. We then explain the main analysis approach of this study:

sensitivity studies with the GREB model forced by changes in the boundary conditions

according to the CMIP5 RCP8.5.

3.3.1 CMIP data

The models of Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al.,

2012) used in this study are summarized in Tab. 3.1. We used all available models of the

historical and RCP8.5 scenario that provided the variables and time frequency needed

for the analysis presented in this study. All datasets are re-gridded to a horizontal

resolution of 3.75o×3.75o to match the GREB model horizontal resolution and monthly
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climatologies are calculated. For the climatology of ωmean and ωstd a daily output

frequency is used and an unweighted vertical mean over all levels is applied to smooth

the data. The multi-model ensemble mean over all models in Tab. 3.1 is calculated.

Models with more than one realization are considered by the average of all realisations

(i.e. a model with one realisation and a model with many realisations are weighted

equally in the multi model ensemble mean).

Table 3.1: List of CMIP5 models used for the conceptual decomposition of the climate change
precipitation response.

Models

ACCESS1-0 ACCESS1-3

BNU-ESM CMCC-CM

CSIRO-Mk3-6-0 FGOALS-g2

GFDL-ESM2G GFDL-ESM2M

IPSL-CM5A-LR MIROC-ESM-CHEM

MIROC5 MPI-ESM-LR

MPI-ESM-MR MRI-CGCM3

3.3.2 GREB model

The GREB model and its new hydrological cycle have been described in chapter 1.2 and

chapter 2. The GREB model simulated precipitation and its seasonal cycle for control

conditions are shown in Fig. 3.2 a and b.

3.3.3 GREB sensitivity experiments

The main analysis part of this study is based on a series of sensitivity experiments with

the GREB model. For these experiments we use the ability of the GREB model to

respond to changes in the boundary conditions and to control the mean Tsurf. For the

study of the precipitation response to changes in environmental factors (eq. (2.11))

the key controlling factors are the boundary conditions of ωmean, ωstd, and the model

variables q and rq.

If the precipitation is free to respond, then q and rq are largely controlled by the

evaporation (∆qeva; eq. (2.12)) and the atmospheric temperatures. The latter is strongly

linked to Tsurf. Thus, to study the precipitation response to changes in environmental

factors, the GREB model can be driven by changes in ωmean, ωstd, ∆qeva and Tsurf.
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Figure 3.2: GREB control annual mean and seasonal cycle (JJA-DJF) precipitation (a, b),
mean evaporation (c, d), mean vertical wind (e, f) and daily variability of vertical wind (g, h).
The annual mean is shown on the left (a, c, e, g) and the seasonal cycle is on the right (b, d,
f, h).

The model will respond to these changes in boundary conditions by simulated changes

in the atmospheric temperature, humidity and subsequently the relative humidity. These

changes will then lead to changes in precipitation following from eq. (2.11). The annual
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mean values and the seasonal cycle of the key drivers, ωmean, ωstd and ∆qeva are shown

in Fig. 3.2 and the control precipitation is shown in Figs. 3.2 a and b.

We will use the simplicity of the GREB model to separate thermodynamic and dy-

namic processes, which in nature and CGCMs are tightly coupled. That is, for example,

changing surface temperature not only influences evaporation and atmospheric moisture

but also change the circulation patterns of the atmosphere. This makes it hard to in-

vestigate the relative importance of thermodynamic and dynamic processes with climate

change.

For the control simulations the GREB model is run with observed boundary condi-

tions, as described above, and q and Tsurf are free to evolve. For the sensitivity ex-

periments we add the anomaly values of ωmean, ωstd, ∆qeva and Tsurf from the CMIP5

RCP8.5 ensemble mean to each of the control forcings for one or all boundary condi-

tions while the remaining boundary conditions are kept at control values. Thus, in these

sensitivity experiments ∆qeva and Tsurf are not free to evolve but are prescribed by the

CMIP5 RCP8.5 ensemble mean values. Atmospheric temperatures, humidity and pre-

cipitation are free to respond. The difference between control and sensitivity simulations

are defined as the response to the CMIP5 RCP8.5 ensemble mean forcings.

3.4 Precipitation Response to Climate Change De-

construction

In this section we discuss the large-scale response of precipitation to changes in Tsurf,

∆qeva, ωmean and ωstd in the ensemble mean CMIP5 RCP8.5 based on the GREB sen-

sitivity experiments (see section above). We start the discussion with illustrating the

concept and then focus on how each of the four forcings contribute to the change in

precipitation.

Fig. 3.3 shows annual mean and seasonal cycle of the four different forcings for

the ensemble mean CMIP5 RCP8.5 changes. Tsurf shows the well-known pattern of

stronger warming over land, high latitudes and during winter time. Evaporation is mostly

increasing over oceans and has some locations with significant decrease. The seasonal

signature of the evaporation changes is fairly complex, but are somewhat marked by

reduced increase in evaporation during summer time.
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Figure 3.3: CMIP5 RCP8.5 ensemble mean external boundary forcings for the GREB model
of surface temperature (a, b), evaporation (c, d), mean vertical winds (e, f) and the daily
variability of vertical winds (g, h). The annual mean is shown on the left (a, c, e, g) and the
seasonal cycle (JJA-DJF) is on the right (b, d, f, h).

Changes in ωmean are marked by strong increase in upward motion over the central

and eastern equatorial Pacific together with a fairly complex seasonal cycle change. For

the tropical and subtropical regions outside the tropical Pacific regions the changes in
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ωmean are mostly a weakening of the mean state (e.g. increase in ωmean where ωmean is

negative and decrease in ωmean where ωmean is positive). However, overall the changes

in ωmean do not project strongly on the control mean state (see Tab. 3.2).

ωstd strongly increases in the equatorial Pacific, mostly decreases in the subtropics

and increases in the Southern Ocean. The seasonal cycle changes are similar in both

hemispheres with increased variability in the subtropics and decreased variability in the

mid-latitudes in summer relative to winter. It is important to note here, that the regional

difference in change of ωstd does not match the changes in ωmean (see weak correlation

in Tab. 3.3).

The GREB model response of the precipitation to these four forcings is shown in Fig.

3.4 for the annual mean and the seasonal cycle. It compares very well with the ensemble

mean CMIP5 response (Fig. 3.4a and e) and better than in in the previous chapter Fig.

2.11 because the climate change response of ωstd is included. The pattern correlation

and amplitude of the annual mean and seasonal cycle of the GREB model is closer to the

ensemble mean CMIP5 response than most CMIP5 models, indicating that the GREB

model is representing the precipitation response in the CMIP5 ensemble well (Fig. 3.5).

It is important to remember that the GREB model boundary conditions are forced by the

CMIP5 ensemble mean. It further suggests that the ensemble mean CMIP5 precipitation

response can be well understood in the context of the GREB model (eq. (2.11)) forced

by the changes in the four environmental variables (Tsurf, ∆qeva,ωmean and ωstd). In

the next steps we will force the GREB model with only one environmental variable at

a time, while keeping the others at control values. This will illustrate how each of the

four forcings contribute to the precipitation changes. We will finish this section with a

discussion of the relative role of each of the four forcings.

Table 3.2: Correlation coefficient between precipitation and vertical velocity omega (mean
and daily variability) for control and the climate change response.

Precip (control) Omega (control) Omega variability (control)

Change omega 0.24 -0.16 0.08

Change omega
variability

-0.05 -0.16 0.29
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Table 3.3: Correlation between the external boundary forcings and the precipitation response of the sensitivity experiments.

Change evap-
oration

Change omega
Change omega
variability

Change precip
(Tsurf)

Change precip
(evaporation)

Change precip
(ω)

Change precip
(ω variability)

Change precip
(full)

0.19 -0.4 0.6 0.41 0.39 0.74 0.56

Change evap-
oration

0 -0.21 -0.06 0.82 0.04 -0.17

Change omega -0.26 0.1 0.09 -0.58 -0.3

Change omega
variability

0.25 -0.11 0.44 0.67

Change precip
(Tsurf)

0.25 -0.15 -0.09

Change precip
(evaporation)

0 -0.13

Change precip
(ω)

0.48
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Figure 3.4: Precipitation response to an RCP8.5 forcing in the CMIP5 ensemble mean (a, b),
in the GREB model with all (surface temperature, evaporation, mean- and daily variability of
vertical winds) forcings turned on (c, d) and the linear superposition of the single forcings (e,
f). The annual mean is shown on the left (a, c, e) and the seasonal cycle (JJA-DJF) on the
right (b, d, f).

3.4.1 Surface temperature changes

We start with the Tsurf forcing, as it is the most robust forcing of climate change

(Fig. 3.3a and b). Given that evaporation is kept at control values, the global mean

precipitation cannot change, as it is in direct balance with evaporation at the global scale.

However, it can have regional changes. In the GREB model the increase in Tsurf leads

to an enhanced annual mean precipitation in the ITCZ and mid- to high latitudes and

decreases precipitation in the subtropical dry zones in the annual mean (Fig. 3.6a). The

annual mean response pattern compares well to the annual mean control precipitation

in GREB (Fig. 3.2a) and has a correlation of 0.62 (Tab. 3.4). It thus fits moderately
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Figure 3.5: Taylor diagram of the RCP8.5 precipitation response of CMIP5 models (blue), the
GREB model with all (surface temperature, evaporation, mean- and daily variability of vertical
winds) forcings turned on (?) and the linear superposition of the single forcings (�) against
the CMIP5 ensemble mean (?). The GREB model with single forcings of surface temperature
(t), evaporation (e), mean vertical winds (ω) and daily variability of vertical winds (Ω) are
also shown. The annual mean is shown on the left and the seasonal cycle (JJA-DJF) on the
right. Some CMIP5 models are off the scale and indicated with a blue arrow and a number
showing their standard deviation. The prescribed evaporation response is uncorrelated to the
precipitation response but is the only process controlling the global mean change.

well with the concept of the wet-get-wetter.

The increased Tsurf leads to an increase in atmospheric temperature (not shown),

which initially, while the atmospheric humidity has not responded yet, leads to a strongly

decreased relative humidity in the atmosphere. This in turn initially reduces the precip-

itation (see eq. (2.11)), which is controlled by relative humidity. Given the unchanged

evaporation, the atmospheric humidity will start to increase until a new equilibrium

between precipitation and evaporation is reached. This new equilibrium is at higher

atmospheric humidity (Fig. 3.7d, but lower relative humidity (Fig. 3.7e). The latter

changes reflect the now more effective precipitation terms in eq. (2.11), as they are all

proportional to the atmospheric humidity (q), see Figs. 3.8d, e, f.

The increase in atmospheric humidity, increases the atmospheric moisture transport

(Fig. 3.7f), as the moisture transport is directly proportional to the atmospheric humidity

(eq. (2.18). The pattern of the changes in moisture transport is identical to the overall
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Figure 3.6: Precipitation response decomposition for the single RCP8.5 forcings of surface
temperature (a, b), evaporation (c, d), mean circulation ω (e, f) and the daily circulation
variability ωstd (g, h). The annual mean is shown on the left (a, c, e, g) and the seasonal cycle
(JJA-DJF) on the right (b, d, f, h). The top right of each plot shows the global mean value.

changes in precipitation (compare Fig. 3.6a with 3.7f) with a correlation of 1.0 (Tab.

3.4). This is by construction, as evaporation is unchanged and any change in precipitation

has then to come from changes in moisture transport. Thus, the precipitation changes

due to Tsurf forcing lead to enhanced moisture transport that enhance precipitation in

moisture convergence zones and reduces precipitation in regions with diverging moisture

transport.
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Table 3.4: Correlation between control and climate change response for the four sensitivity
experiments and the change in water vapour circulation.

Precip (control) Omega (control)
Omega variability
(control)

Change water
vapour transport

Change precip
(Tsurf)

0.62 -0.67 0.26 1

Change precip
(evaporation)

0.61 -0.34 -0.29 -0.1

Change precip
(omega)

-0.26 0.17 -0.09 1

Change precip
(omega variab.)

-0.04 0.01 0.10 1

The same arguments hold for the changes in the seasonal cycle of precipitation. The

response pattern shows an amplification of the control precipitation (compare Fig. 3.2b

and Fig. 3.6b). Specific humidity increases more in winter than in summer (appendix

Fig. B1a) and this amplification of the seasonal cycle of specific humidity leads to an

enhanced seasonal transport (Fig. B1c). The enhanced seasonal transport of moisture

supplies the enhanced seasonal precipitation (e.g. monsoon).

3.4.2 Evaporation changes

On the global scale, changes in precipitation must equate to changes in evaporation,

to maintain the atmospheric moisture mass balance. Therefore, precipitation changes

cannot in principle be separated from the prescribed evaporation changes in the GREB

model. Here, it is interesting to note that the overall global pattern of precipitation

(Fig. 3.4a) and evaporation changes (Fig. 3.3c) are fairly dissimilar (r=0.19, Tab. 3.3)

despite the global constraint that the two have to be the same. This indicates, that the

processes that control precipitation and evaporation on the local scale are fairly different.

It is therefore useful to consider evaporation changes as a forcing for the precipitation

on regional scales.

In the GREB model simulations the evaporation forcing, with all other forcings un-

changed, leads to a global increase in annual mean precipitation with the largest increase

in the tropics and sub-tropics (Fig. 3.6c). Only a few regions (e.g. Greenland) expe-

rience a decrease in annual mean precipitation. The response pattern is very similar to

the forced evaporation pattern (r=0.82, see Tab. 3.3), when only evaporation is forced

to change. Thus, the response in precipitation appears to be a direct local response
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Figure 3.7: Annual mean response of the specific humidity (a, d, g, j, m), relative humidity
(d, e, h, k, n) and water vapour transport (c, f, i, l, o) for the fully forced GREB model (a-c),
the single RCP8.5 forcings of surface temperature (d-f), evaporation (g-i), mean circulation
ω (j-l) and the daily circulation variability ωstd (m-o). The top right of each plot shows the
global mean value.

to the evaporation forcing over oceans. Over land this direct relationship is weaker.

Since atmospheric temperature is not changing, the atmosphere cannot take up more

moisture (Figs. 3.7g and 3.7h), therefore any increase in evaporation has to immediately

precipitate locally. This is further supported by the moisture terms of the precipitation

parameterisation (eq. (2.11)) which is the main driver of the precipitation response

(Fig. 3.8g), whereas the other two terms contribute little. As the water vapour in the

atmosphere does not increase much, relative humidity is changing only marginally in

the tropics and subtropics. The seasonal cycle changes of precipitation follow the same

arguments.
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Figure 3.8: Annual mean response of the specific humidity (a, d, g, j, m), relative humidity
(d, e, h, k, n) and water vapour transport (c, f, i, l, o) for the fully forced GREB model (a-c),
the single RCP8.5 forcings of surface temperature (d-f), evaporation (g-i), mean circulation
ω (j-l) and the daily circulation variability ωstd (m-o). The top right of each plot shows the
global mean value.

While the global pattern of evaporation changes has very little relation to the global

pattern of the fully forced precipitation changes (r=0.19, Tab. 3.3), the global mean

evaporation changes do control the global mean precipitation changes (or vice versa).

Here it is remarkable that the overall evaporation changes (Fig. 3.3c) are only about 2%

per degree global warming in CMIP5 models. This is much less than the 7% per degree

global warming expected from the simple thermodynamic Clausius–Clapeyron relation,

assuming eq. (2.12) with no circulation changes and unchanged atmospheric relative

humidity. Thus, the evaporation changes appear to be strongly affected by dynamical

changes in the atmospheric circulation. See also discussion in Richter and Xie (2008).

56



3.4. Precipitation Response Deconstruction 3. Conceptual Deconstruction

3.4.3 Mean vertical velocity changes

Mean vertical velocity (ωmean) in GREB has two main effects. It affects precipitation

directly through the parametrisation (eq. (2.11)) and indirectly through the transport

of moisture (eq. (2.18)) which in turn plays a role in the precipitation parametrisation

through specific and relative humidity. The forced annual mean CMIP5 RCP8.5 change in

the ωmean boundary condition shows a strong increase in the tropical Pacific ascending

motion and a general weakening of the subtropical descending motion (Fig. 3.3e).

However, the Maritime Continent shows weaker ascent compared to control.

The precipitation response pattern in GREB (Figs. 3.6e and f) compares well to the

pattern in the ωmean change (Figs. 3.3e and f; r=-0.58 see Tab. 3.3), indicating that the

precipitation changes are a direct response to the circulation changes. This is reflected

in the precipitation terms (Figs. 3.8j, k, l), which only show changes in the precipωmean

term and little changes in the other two terms. It is also illustrated by the small changes

in humidity and relative humidity (Fig. 3.7j and k) and the clear changes in moisture

transport (Fig. 3.7l). As in the previous sensitivity experiment the surface temperature

is forced to stay at control values allowing the atmosphere not to take up much more

moisture before reaching saturation and therefore keeping humidity nearly unchanged.

Thus, the precipitation changes are the combined effect of changes in the precipωmean

term of eq. (2.11) and the changes in moisture transport that both work in the same

direction.

3.4.4 Vertical velocity variability

The ωstd boundary condition affects precipitation directly through eq. (2.11). The pre-

cipitation response in GREB to this sensitivity experiments roughly matches the external

boundary forcing of ωstd (compare Figs. 3.3g and 3.6g) with a correlation coefficient

of 0.67 (Tab. 3.3). There is an increase in annual mean precipitation in the tropical

Pacific, generally decreasing precipitation in the subtropics and small to no changes in

higher latitudes, especially in the southern hemisphere.

Although ωstd only acts through the precipitation parameterisation it has a strong

effect on specific humidity (Fig. 3.7m) and water vapour circulation (Fig. 3.7o). A

decrease of ωstd leads to a decrease in precipitation in these areas. Since evaporation
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is at control values and precipitation decreased, moisture will accumulate and humidity

increases. The opposite holds for the tropical Pacific where an increase in vertical velocity

variability leads to more precipitation and depletes moisture. The general increase in

specific humidity increases the moisture terms of the precipitation equation (eq. (2.11);

Fig. 3.8m) and affects the moisture circulation (eq. (2.18)) which counteracts the

accumulation of moisture and transports moisture from the subtropics into the tropical

Pacific (Fig. 3.7o). This change in moisture transport then supplies the water vapour

needed to keep up the changes in precipitation.

3.4.5 Superposition

All four sensitivity experiments described above (Tsurf, evaporation, ωmean and ωstd) are

added together in a linear superposition to evaluate if they sum up to the fully forced

GREB model precipitation response in the annual mean and the seasonal cycle (Figs.

3.4e and 3.4f). The superposition is close to the fully forced GREB model precipitation

response and to the CMIP5 response in both the annual mean and seasonal cycle pat-

terns (Fig. 3.5), suggesting that we can think of the precipitation response as a linear

combined effect of the four individual forcings. This is somewhat surprising, considering

the non-linear nature of precipitation processes. It is further remarkable that none of the

four individual forcings dominate the total precipitation response (Fig. 3.5). The total

precipitation is indeed a clear combination of all four forcings. The annual and seasonal

cycle precipitation response is most strongly related to the changes in ωmean, indicating

that atmospheric circulation changes are the main drivers of the precipitation changes.

The thermodynamic warming effect (Tsurf) has a somewhat weaker contribution to the

total precipitation changes, suggesting that the thermodynamic, wet-get-wetter, pro-

cesses are less important than dynamical changes.

Changes in the evaporation patterns are less correlated with the patterns of precip-

itation changes (Fig. 3.5), but they do control the global mean precipitation changes

(which are not evaluated by Fig. 3.5), as the global moisture mass balance is a direct

balance between total precipitation and evaporation. Thus, the processes of evaporation

changes are essential for understanding the precipitation changes.

An alternative and simplified presentation of the combined precipitation and evapo-

ration changes is the zonal mean precipitation minus evaporation (P-E) changes, which
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gives a good presentation of the large-scale changes (Fig. 3.9). The main changes in

the CMIP5 ensemble are best described by the wet-get-wetter idea: increase in p-e near

the wet equator, decrease in the dry subtropics and increase in the wet higher latitudes.

This main signature is captured by both the GREB model with all forcings and by the

superposition of the GREB model forced with individual forcings. However, the GREB

model does overestimate the equatorial response and does underestimate the higher lat-

itudes response. When we look at how each of the individual forcings contribute to this

zonal p-e pattern, it is interesting to note that all four elements contribute to it. Most

similar in terms of the overall structure, though, is the ωstd contribution, indicating that

changes in the atmospheric variability contribute to this p-e pattern. However, GREB

does have some limitations when compared to the CMIP5 ensemble mean response.

GREB is too wet in the ITCZ and the decrease of precipitation in the subtropics is too

weak (Fig. 3.9). In the mid- to high-latitudes in both hemispheres GREB does not

capture the drying that can be seen in CMIP5.

Figure 3.9: Annual and zonal mean precipitation minus evaporation response for the CMIP5
RCP8.5 ensemble mean (black solid), the GREB model with all (surface temperature, evap-
oration, mean- and daily variability of vertical winds) forcings turned on (black dashed), the
single forcing of surface temperature (red), evaporation (green), mean circulation (yellow) and
circulation variability (purple) and the linear superposition of the single forcings (black circles).
The x-axis is weighted by the cosine of latitude.
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3.5 Chapter Summary and Discussion

In this chapter we used the simple climate model GREB to decompose the CMIP5 sim-

ulations response of precipitation to climate change. The simplicity of the GREB model

allows us to force single aspects of the climate system to change according to the CMIP5

ensemble mean response while other aspects remain at control values. We presented the

precipitation changes as the result of four different forcings: surface temperature, evap-

oration, mean circulation and circulation variability changes. The four different forcings

of precipitation changes add almost linearly in the GREB model, while still giving a good

representation of the changes in the CMIP simulations. This suggests that the CMIP

precipitation changes can, to a large part, be considered as linear superposition of these

four forcings. The effect of each of the four forcings is illustrated in the sketch of Fig.

3.10. The main findings of each of the four forcings can be summarised as follows:

Surface temperature: The increase in surface temperature, with the directly associ-

ated increase in atmospheric temperature, results in an increase in atmospheric humidity

(Fig. 3.10a). This intensifies the atmospheric transport of humidity, which increases pre-

cipitation in convergence zones and decreases precipitation in divergence regions. This

is the wet-get-wetter principle. In this direct effect of atmospheric warming, the surface

warming pattern has little to no effect on the pattern of precipitation changes, as the

latter is primarily a reflection of the mean atmospheric circulation state. However, in

reality the surface warming pattern does have an important control on the atmospheric

circulation changes, which do affect precipitation changes more strongly than the direct

warming effect. Further the atmospheric circulation changes induced by the warming

pattern do also affect the evaporation changes (Richter and Xie, 2008).

Evaporation: In the absence of any other changes, an increase in evaporation leads

to a direct local increase in precipitation (Fig. 3.10b). However, the more important

control of evaporation is on the global scale, as global precipitation is directly balanced

by global evaporation changes. Here is it interesting to note that global evaporation is

only increasing by about 2% per degree global warming, exactly balancing the global

precipitation changes by construction. This is in contrast to the +7% per degree global

warming that would be expected from the evaporation bulk formula eq. (2.12), if there

are no circulation and no relative humidity changes. This is also what the GREB model
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Change in Temperature
Dry regions
(divergence)

Wet regions
(convergence)

(a)

Change in Evaporation(b)

Change in mean Circulation(c)

Change in Circulation Variability(d)

Region B
(convergences increase)

Region A
(divergence increase)

Dry regions
(divergence)

Wet regions
(convergence)

Region B
(variability decrease)

Region A
(variability increase)

Figure 3.10: Schematic illustration of how changes in the four boundary conditions affect
precipitation. Dashed cubes and arrows mark the control state values. Orange cubes and arrows
mark changes directly forced by change in the boundary conditions. Blue cubes and arrows
are resulting changes due to the response of the climate system to the forcings (orange).Panel
(d) only illustrates the forced changes in precipitation (orange), but not the resulting changes
(blue), as they depend on the mean circulation.

would simulate in response to CO2 or surface warming forcing if no circulation changes

are imposed (not shown; see also Stassen et al., 2019). While precipitation and evapora-

tion are balanced on a global scale, it is unclear which of the two processes is forcing the
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muted 2% increase per degree global warming. The differences in the evaporation and

precipitation patterns in both the mean state and the changes suggest that the processes

controlling them are different. The strong impact of circulation and relative humidity

changes on the evaporation (Richter and Xie, 2008) therefore suggest that studying the

processes that control evaporation changes could be essential for understanding precip-

itation pattern changes. Future studies, using the GREB model or otherwise, need to

focus on the conceptual understanding of the processes that control future evaporation

changes.

Mean circulation: Changes in the mean circulation affect the precipitation in two

ways: they change the atmospheric transport of the humidity (Fig. 3.10c) and they

change the precipitation directly by the parameterisation eq. (2.11). Both combine to

increase (decrease) precipitation in regions with increased convergence (divergence). The

change in mean circulation is the single most important direct effect of the four forcings.

This is consistent with previous studies using GCM data, which have emphasised the

importance of dynamic rather than thermodynamic drivers of precipitation change at

regional scales (Chadwick et al., 2013; Kent et al., 2015; Muller and O’Gorman, 2011;

Seager et al., 2010). Circulation changes also affect precipitation changes indirectly by

affecting the evaporation changes, which further increases the importance of atmospheric

circulation changes.

Circulation variability: In the GREB model the effect of weather variability on

precipitation is parameterised in eq. (2.11) by ωstd. An increase (decrease) in ωstd di-

rectly increases (decreases) precipitation. In the absence of any other changes (e.g. no

evaporation changes) it does decrease (increase) the atmospheric humidity and subse-

quently decrease (increase) the atmospheric moisture transport (Fig. 3.10d). While the

overall direct impact of ωstd changes are the smallest of the four forcings, they are still

relevant. In the context of time-mean precipitation changes this effect has not been dis-

cussed much in the literature, although Vecchi and Soden (2007) discussed a reduction

in the daily omega variability in the context of the weakening of the tropical circulation.

Pendergrass and Gerber (2016) also found a decrease of standard deviation of the daily

vertical velocity distribution. Weller et al. (2019) found that the ωstd response might be

related to a decrease in low-level convergence lines. Further, the study of Richter and

Xie (2008) suggests that in reality the ωstd will also affect the evaporation. In particular,

62



3.5. Chapter Summary and Discussion 3. Conceptual Deconstruction

the reduction of ωstd in the subtropical ocean regions (Fig. 3.3g) has a high potential of

affecting evaporation, as it is the region where evaporation is strongest (Fig. 3.2c). This

suggest that studying changes in high-frequency (weather) variability may be important

to understand large-scale precipitation and evaporation changes.

A combined effect of the warming (Tsurf) and changes in the weather variability

(ωstd) is that the relative importance of the different precipitation terms in eq. (2.11)

are changing (see Fig. 3.8a-c). This suggests that the importance of the steady, ther-

modynamic, precipitation is decreasing (Fig. 3.8a), while the importance of precipitation

associated with weather variability is increasing (Fig. 3.8c). Thus, the nature of precip-

itation is changing globally (e.g. extreme precipitation increases by 7%/K Ban et al.,

2015; Muller and O’Gorman, 2011) while mean precipitation is radiatively constrained

(i.e. Allen and Ingram, 2002). The focus of this chapter was the conceptual understand-

ing of projected precipitation changes. However, this chapter also introduced a new

approach of analysing precipitation changes by using the GREB model as a diagnostic

tool. This approach is indeed capable of analysing the projected precipitation change of

the CMIP model with a focus on understanding the processes forcing these changes. This

approach can also be used to understand problems in the CMIP model simulations to

simulate the mean climate or to understand the diversity in the future CMIP projections

of the hydrological cycle changes.
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Chapter 4

Precipitation Biases in CMIP5 models

4.1 Preface

The simple deconstruction approach developed in chapter 3 provides a powerful basis on

which the hydrological cycle of CGCM simulations can be analysed and was applied to get

a more quantitative understanding of precipitation biases in CMIP5 models. To achieve

this, the GREB precipitation equation is fitted to observations and CMIP5 model data

output using the least-squares method. The fitting parameters for the CMIP5 models

are compared against the observed precipitation parameter set. The values of the fitting

constants are used as an indication of how CMIP5 model precipitation reacts to changes

in the boundary conditions. The results of the fitting indicate that CMIP5 models are

overly sensitive to the vertical mean velocity, which is confirmed by other studies but

show too little sensitivity to atmospheric variability of vertical air motion (weather).

Although precipitation in CMIP5 models reacts too sensitive to the mean circulation the

conceptual deconstruction highlights the importance of moisture transports to the total

precipitation bias independent of the mean vertical velocity.
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4.2 Introduction

Coupled general circulation models (CGCMs) used by the Intergovernmental Panel on

Climate Change (IPCC) simulate processes in the ocean, on land and in the atmosphere.

CGCMs focus on the most realistic and best representation of the climate system. The

increasing computational power has allowed to consider more and more processes in the

climate system to be included and the resolution of models to be increased. While it has

been shown that increasing the model resolution addresses a lot of common problems

seen in CGCMs (Haarsma et al., 2016), such as aspects of the large-scale circulation

(Masson et al., 2012; Shaffrey et al., 2009), the global water cycle (Demory et al.,

2014), movements of the Atlantic inter-tropical convergence zone (ITCZ) (Doi et al.,

2012) and the diurnal precipitation cycle (Birch et al., 2014; Sato et al., 2009) several

existing problems, such as substantial precipitation biases remain unsolved. On the

global scale all CMIP5 models overestimate precipitation over land and there exists a

large inter model spread in the tropics Liu et al. (2014), precipitation in the Atlantic

ITCZ and eastern Pacific ITCZ is overestimated (Yin et al., 2013), there is generally

too much precipitation south of the equator, particularly in boreal spring (Richter et al.,

2014, 2016) and compared to the Global Precipitation Climatology Project (GPCP) and

Tropical Rainfall Measuring Mission (TRMM) CGCMs rain too much (Stanfield et al.,

2015).

Precipitation and atmospheric water vapour are closely related (Bretherton et al.,

2004). This suggests that biases in precipitation are related to biases in water vapour

and Li et al. (2014) found that water vapour is mostly underestimated over strong con-

vective areas in the tropics. Yang et al. (2018) analysed four CMIP5 models and found

that all overestimate precipitation over tropical oceans and Richter et al. (2016) found

the same for a larger ensemble. Their results suggest that errors in the frequency of

vertical velocity are a significant cause of biases in atmospheric moisture and precipita-

tion. Additionally, the models were overly sensitive to a given vertical velocity regime

compared to observations and strong upward motion was also overestimated in models.

The majority of these biases can be related to uncertainties in the model formulations

(Bony et al., 2006; Meehl et al., 2007; Hawkins and Sutton, 2009). Physical parameters

in climate models are generally tuned to minimise biases but, the ’true’ values are mostly
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unknown. This can be due to the lack of a measurable physical equivalent, or the inability

to numerically test all possible parameter combinations (Severijns and Hazeleger, 2005;

Randall et al., 2007; Mulholland et al., 2017).

While many studies use the perturbed physics ensemble approach to estimate the

uncertainties that arise from uncertainties in model formulations (e.g. Murphy et al.,

2004; Stainforth et al., 2005; Collins et al., 2006; Sanderson et al., 2008b,a) not many

studies consider their effect on the climate mean state and how the mean state affects

climate sensitivity (Dommenget, 2016).

Although some of the studies mentioned above highlight biases in the hydrological

cycle and its processes (e.g. Yang et al., 2018) a much deeper understanding of the

quantitative contribution of systematic model biases on the hydrological cycle is needed.

Similarly to the approach of Dommenget (2016) the biases in the hydrological cycle

mean state can be separated into biases in the model formulations and biases in the

mean state. Building on the precipitation equation developed in chapter 2 biases in pre-

cipitation will be separated into biases in the fitting constants (e.g. cω) and biases in the

boundary conditions (e.g. ωmean). In particular the contribution of surface temperature,

evaporation, mean circulation and circulation variability biases will be quantified. Thus,

different from previous work we will investigate the biases in precipitation in conjunc-

tion with biases in mean state in four climate variables to provide a wholesome picture

of biases in precipitation. The importance of biases in vertical velocity are highlighted

and are then further subdivided into their quantitative contribution to a direct bias on

precipitation and biases in the moisture transport.

The following section will introduce the data, models and methods used. It will in

particular discuss the Globally Resolved Energy Balance (GREB) precipitation equation

and how we make use of the GREB model and the precipitation equation itself as an

analysis tool. In section 4.4 the main results of this study will be presented. Finally, we

give a chapter discussion and a summary of the results.

4.3 Data and Methods

This section provides an overview on the CMIP5 model data used. It further gives a

short introduction to the precipitation equation, which is the main focus for this chapter.
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4.3.1 Data

The models of Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al.,

2012) used in this study are summarized in Tab. 4.1. We used all available models of the

historical and RCP8.5 scenario that provided the variables and time frequency needed

for the analysis presented in this study. All datasets are re-gridded to a horizontal

resolution of 3.75o×3.75o to match the GREB model horizontal resolution and monthly

climatologies are calculated. For the climatology of ωmean and ωstd a daily output

frequency is used and an unweighted vertical mean over all levels is applied to smooth

the data. The multi-model ensemble mean over all models in Tab. 4.1 is calculated.

Models with more than one realization are considered by the average of all realizations

(i.e. a model with one realisation and a model with many realisations are weighted

equally in the multi model ensemble mean). The boundary conditions biases (deviation

from the multi-model ensemble mean) of the precipitation equation, used to force the

GREB model, are calculated against the ensemble mean and are shown in Fig. 4.1 for

three models that are best mimicked by the GREB model. The precipitation biases

against the ensemble mean for the same three models are shown in Fig. 4.2.

In this chapter less models were available than in the previous chapter. The main

limiting factor, as previously, are models with a daily output frequency of vertical velocity,

ω. Additionally, to fit the GREB model precipitation equation, surface specific humidity,

q, is also required for the historical and RCP8.5 scenario further limiting the models

available.

Table 4.1: List of CMIP5 models used in the precipitation bias deconstruction.

Models

ACCESS1-0 ACCESS1-3

BNU-ESM FGOALS-g2

GFDL-ESM2G GFDL-ESM2M

IPSL-CM5A-LR MIROC-ESM-CHEM

MIROC5 MRI-CGCM3

4.3.2 GREB model

The GREB model has been described in chapter 1.2 and 2.
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Figure 4.1: Biases against the ensemble mean of surface temperature (a,b,c), evaporation
(d,e,f), mean vertical velocity (g,h,i), vertical velocity variability (j,k,l), meridional wind (m,n,o)
and zonal wind (p,q,r) for the ACCESS1-0 (left), CMCC-CM (middle), and GFDL-ESM2G
(right) model. The sum of anomalies of all models in Tab. 4.1 is zero.

4.4 Quantitative analysis of precipitation biases

Assuming the GREB model precipitation equation (eq. 2.11) were a perfect estimation

for precipitation if given the ’correct’ set of fitting constant and the ’correct’ boundary

conditions: specific humidity, q, relative humidity, rq, mean vertical velocity, ωmean and

vertical velocity variability, ωstd, precipitation biases in this equation can have two sources

of origin. Either the fitting constants are ’incorrect’ or there are biases in the boundary

conditions. It is therefore a reasonable approach to test both hypotheses.

In the previous two chapters the model precipitation parameters, cq, crq, cω and

cωstd were fitted to minimise the root mean square error between observations (i.e.

GPCP) and the GREB simulated precipitation. The external boundary conditions of
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Figure 4.2: Anomalies against the ensemble mean of surface temperature (a,b,c), evaporation
(d,e,f), mean vertical velocity (g,h,i), vertical velocity variability (j,k,l), meridional wind (m,n,o)
and zonal wind (p,q,r) for the ACCESS1-0 (left), CMCC-CM (middle), and GFDL-ESM2G
(right) model. The sum of anomalies of all models in Tab. 4.1 is zero.

mean vertical velocity, ωmean, and vertical velocity variability, ωstd, were taken from

the ERA-Interim reanalysis. The performance of the GREB model with this ’observed’

precipitation equation is discussed in detail in the model development chapter, chapter

2.

However, the precipitation that the GREB model is fitted to (i.e. GPCP) and the

boundary conditions used as precursors (e.g. ωmean taken from ERA-Interim) can easily

be replaced by model output taken from CMIP5 models (e.g. precipitation and ωmean

taken from CMIP5). This fitting process can be done independently for each CMIP5

model and for each scenario (i.e. historical and RCP8.5) as long as all variables needed for

the fitting are available. Considering the precipitation equation (eq. 2.11) the following

variables are required for the historical and RCP8.5 simulation: precipitation, specific

humidity, surface temperature, vertical velocity. Apart from ω, which is required at a

daily output frequency, a monthly output frequency is sufficient. For the fitting routine

a multivariate regression has been used.

This leaves two possibilities how biases in CMIP5 precipitation can be analysed in

GREB. The method described above of fitting the precipitation parametrisation against
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the output of CMIP5 models and using the conceptual deconstruction method described

in chapter 3 to drive the GREB model by forced changes in ωmean, ωstd, ∆qeva and surface

temperature. Both methods will be discussed in this order in the next two sections.

4.4.1 CMIP5 Precipitation Parameters

Fitting the GREB precipitation equation to the CMIP5 models listed in Tab. 4.1 returns

11 sets of new precipitation parameters (10 CMIP5 models plus the ensemble mean of

the 10 models). The optimised parameters for each of the CMIP5 models are summarised

in Tab. 4.2.

Table 4.2: Precipitation parameters for observed precipitation, 10 different CMIP5 models,
the ensemble mean of the 10 CMIP5 models and the average of the fitted parameters. The
spread of the model parameters is shown as standard deviation.

Variable cqctrl cqrcp crqctrl crqrcp cωctrl
cωrcp cωstdctrl cωstdrcp

Observed -1.88 2.25 -17.69 59.07

ensmean -0.65 -0.72 1.67 1.56 -41.97 -38.83 33.26 27.86

ACCESS1-0 -0.58 -0.65 1.74 1.66 -30.38 -30.02 21.63 20.03

ACCESS1-3 -0.13 -0.18 1.05 1.01 -29.26 -28.64 24.56 22.14

BNU-ESM -1.23 -0.98 2.29 1.87 -39.57 -38.40 35.66 30.97

FGOALS-g2 -1.02 -1.00 2.24 2.13 -32.81 -30.73 28.01 26.59

GFDL-ESM2G -0.75 -0.78 1.84 1.75 -40.43 -39.56 27.62 27.43

GFDL-ESM2M -0.75 -0.77 1.84 1.87 -40.93 -40.18 27.54 27.79

IPSL-CM5A-LR -1.40 -0.81 2.50 1.36 -39.47 -35.23 33.89 25.36

MIROC-ESM-
CHEM

-0.72 -0.7 1.55 1.41 -37.95 -37.70 26.81 23.81

MIROC5 -0.94 -1.12 2.09 2.39 -36.16 -35.80 31.00 31.61

MRI-CGCM3 -1.06 -0.96 1.99 1.79 -37.67 -37.60 29.96 27.19

average -0.86 -0.86 1.91 1.72 -36.46 -35.39 28.67 26.3

std 0.34 0.25 0.39 0.37 4.00 3.95 3.95 3.44
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The value of the precipitation parameters can be used as an indication on how

important they are in producing rainfall. That is for instance in observations the fitting

parameter for circulation variability, cωstd, is by far the largest value making ωstd the

most important of the fitting variables. This means the ’observed’ precipitation model is

most sensitive to the circulation variability and its changes. Therefore, the value of the

individual precipitation parameters will now be used to explain how sensitive the model

is to the four atmospheric variables for each CMIP5 model.

Comparing the observed precipitation parameter set to the one fitted to each CMIP5

model listed in Tab. 4.1 several interesting differences can be found. Starting with

the parameters fitted to the control simulation (indexed with ’ctrl’ in Tab. 4.2) when

compared to the observed precipitation parameter set it is found that consistently all

CMIP5 models used in this chapter underestimate the moisture parameters cq and crq

compared to the observed parameters. This means that for a given specific humidity less

precipitation falls in the CMIP5 fitted parametrisation than for the observed parametri-

sation. This general underestimation gets very extreme for the ACCESS1-3 model which

has nearly no sensitivity to specific humidity, cq parameter, and is also the least sensitive

model to relative humidity, crq parameter.

Both moisture related terms are used in combination rather than looking at them

individually. This is done firstly because specific humidity and relative humidity are

closely related to each other but also because the specific humidity parameter, cqctrl ,

is negative for the observations and all models, which might be caused by having two

moisture terms (precipq and preciprq) in the GREB precipitation equation. A negative

specific humidity precipitation term does physically not make sense when considered by

itself as more specific humidity would lead to less rainfall. However, when considered in

combination with the relative humidity parameter, crqctrl , they become physically more

meaningful. Considering only the moisture terms of the precipitation equation (eq. 2.11)

and rearranging the equation for ∆qprecip = 0 leads to:

rq∆qprecip=0 =
q

qs
= − cq

crq
· 100 (4.1)

For the observed parameter combination (cq = −1.88 and crq = 2.25) the moisture

terms are balanced at a relative humidity of 84% and are neither producing nor sup-

pressing rainfall in the GREB precipitation equation. Yet, even small increases in relative
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humidity would lead to a strong response in precipitation in the moisture terms. It is

important to note here that each individual precipitation term, apart from the circula-

tion variability term, in the GREB precipitation equation can become negative and thus

produce negative rainfall. However, the sum of all precipitation terms is hardly ever

negative for non-arid regions (Fig. 4.3 top) and if negative negligible when compared to

the global annual mean precipitation value (Fig. 4.3 bottom). To avoid any negative

rainfall there is an additional fail safe implemented to force the sum of all precipitation

terms to be positive at all time.

Figure 4.3: Top: Annual mean of the relative occurrence of negative precipitation in % without
fail safe. Bottom: Annual mean precipitation divided by global annual mean precipitation
(unit-less).

That the combined moisture terms generate precipitation at a relative humidity larger

than 84% has also been used by other simple climate models (e.g. Weaver et al., 2001).

Yet, this is not the equilibrium relative humidity found in the humidity terms when the

GREB model equation is fitted against CMIP5 models. According to eq. 4.1 and using

the CMIP5 fitted parameters all models produce rain at a relative humidity much lower

than 84% (Tab. 4.4). This does not mean that the CMIP5 models start precipitating at

this lower relative humidity (e.g. ACCESS1-3 does not precipitate at a relative humidity

of 12%). It does however, indicate that the models in general show too little sensitivity
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to moisture changes.

The four forcing terms are likely interrelated (e.g. relative humidity and ωmean) thus

when the dominant term is regressed out there is little left for the other terms to ex-

plain. This is explored further by excluding the two terms with the highest regression

coefficients, cω and cωstd, from the precipitation equation and re-fitting the precipita-

tion equation to observations and CMIP5 models. Then the importance of the relative

humidity moisture term increases while the value of the specific humidity term changes

only marginally for the observations (see Tab. 4.3). The CMIP5 models are closer to the

observed values when only humidity terms are used for fitting. However, most CMIP5

models still underestimate the sensitivity compared to observations. Indicting a different

sensitivity of precipitation in CMIP5 models compared to observations.

The role of the moisture terms and the sensitivity to different vales of cq and crq

is explored in more detail in Fig. 4.4. Increasing crq leads to an increase in the zero

precipitation line (black solid line) and this change is larger for a larger cq value. On the

other hand, increasing the cq parameter leads to a decreased zero precipitation line and

the role of cq is larger for smaller crq parameters.

As CMIP5 models show too little sensitivity to the moisture terms this is to some

degree compensated by the remaining precipitation terms. Tab. 4.2 highlights an in-

creased sensitivity to the mean circulation parameter, cω. All models have nearly double

the sensitivity to mean circulation than the observed precipitation model. Thus, for a

given vertical velocity ωmean the CMIP5 fitted precipitation equation leads to too much

precipitation and highlights an overestimated sensitivity of CMIP5 models to the mean

circulation. The overestimated sensitivity of CMIP5 models to the mean circulation has

also been found by (Yang et al., 2018). It is interesting to note that the average of

the CMIP5 model parameters cωctrl
, cωrcp , cωstdctrl , cωstdrcp are not within the range of

the observed value for at least 4 standard deviations, highlighting significant differences

between the CMIP5 and observed precipitation parameters.

Interestingly this high sensitivity of CMIP5 models to the atmospheric mean cir-

culation represented through ωmean does not apply to the circulation variability term,

cωstd. In observations the circulation variability term was the most important part of

the precipitation equation. But, compared to the observed sensitivity all CMIP5 models

persistently underestimate the cωstd parameter by a factor of nearly two.
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Figure 4.4: Sensitivity of the moisture terms to parameter variation of cq (up-down) and crq
(left-right). The black solid line highlights the zero precipitation line for each cq, crq set and
the red dashed line indicates where the relative humidity is 84%.

To evaluate how sensitive the GREB precipitation equation is to a warmer climate the

parametrisation has also been fitted against the RCP8.5 CMIP5 model output. That is

the boundary conditions (e.g. specific humidity) and the precipitation have been taken

from the RCP8.5 CMIP5 archive for the models listed in Tab. 4.1. It is found that

the parameters change only marginally between the control simulation and the RCP8.5

simulation for each model (Tab. 4.2). Most notably there is a general decrease in

sensitivity to the mean circulation (green columns) with the RCP8.5 forcing and similar

for the sensitivity to the circulation variability (blue columns). However, those changes

are small in comparison to the inter model differences and to the differences between all

CMIP5 models and the observed parameters. This discrepancy is most obvious for the

circulation parameters. The observed precipitation parameter set is not even within the
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model fitted precipitation parameter spread for both cωmean and cωstd.

4.4.2 Boundary condition anomalies

Precipitation biases in CMIP5 can not only be understood as a result of biases in the

precipitation parameters but biases in other climate variables that influence precipitation

(e.g. vertical velocity) also contribute to biases in precipitation. However, gaining an

understanding of the quantitative contribution of parametrisation biases and boundary

condition biases is far from trivial. This has several reasons. Firstly, biases in the

parametrisation influence the climate mean state and it is therefore hard to distinguish

the two; secondly, precipitation and vertical velocity are closely related, and it is therefore

hard to determine which one causes biases of the other. Nonetheless, separating the

precipitation parameter biases and the boundary condition biases can help to give a first

order estimate each causes.

The main analysis of this section is using a similar decomposition approach as in the

previous chapter and is based on a series of sensitivity experiments with the GREB model.

For these experiments we use the ability of the GREB model to respond to changes in the

boundary conditions and to control the mean surface temperature. For the study of the

precipitation bias in CMIP5 the same key controlling factors as previously are studied,

which are the boundary conditions of ωmean, ωstd, and the model variables q and rq.

As previously, to study the precipitation biases, the GREB model can be driven by

changes in ωmean, ωstd, ∆qeva and surface temperature. The model will respond to these

changes in boundary conditions by simulated changes in the atmospheric temperature,

humidity and subsequently the relative humidity. These changes will then lead to changes

in precipitation following from eq. 2.11.

For the control simulations the GREB model is run with observed boundary condi-

tions, as described above, and q and surface temperature are free to evolve. For the

sensitivity experiments we add the bias anomaly of ωmean, ωstd, ∆qeva and surface tem-

perature of each CMIP5 model to the control forcings for one or all boundary conditions

while the remaining boundary conditions are kept at control values. Thus, in these sen-

sitivity experiments ∆qeva and Tsurf are not free to evolve but are prescribed through

the boundary conditions. Atmospheric temperatures, humidity and precipitation are free

to respond. The difference between control and sensitivity simulations are defined as
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the response. The biases for each CMIP5 model, used as boundary condition in GREB,

are calculated against the CMIP5 ensemble mean and therefore the sum of all CMIP5

model biases is zero.

As it was discussed in the previous section there are differences between the precipita-

tion parameters when fitted to CMIP5 models and it is most likely that these differences

contribute to the biases found in the boundary conditions (e.g. ωmean). For example,

differences in the model precipitation parametrisations lead to a misrepresented precipi-

tation which in turn forces the atmospheric moisture to be biased. Biases in atmospheric

water vapour lead to biases in the amount of evaporation. Biases in the atmospheric

water vapour might also lead to biases in triggering convection and thus vertical velocity.

However, in this section we treat the biases independently.

The large-scale response of GREB precipitation to forced boundary condition biases

in surface temperature, ∆qeva, ωmean and ωstd taken from CMIP5 control output is

evaluated against the CMIP5 precipitation biases. Considering that there are five decon-

struction simulations for all 10 CMIP5 models the findings are summarised in a single

figure using the spatial correlation of the annual mean bias and the root mean square

(rms). That is, for each GREB deconstruction the spatial correlation coefficient against

the CMIP5 precipitation bias is calculated. The spatial rms is calculated for the GREB

sensitivity experiment and divided by the rms of the CMIP5 precipitation bias. The rms is

used as a measure of spatial variability and value of 1 would indicate that rms in CMIP5

and GREB deconstruction are identical. Combined with the correlation coefficient this

metric provides a good summary of the spatial correlation and variability between the

GREB deconstruction and the CMIP5 annual mean bias in precipitation.

Superposition: All five sensitivity experiments described above (CMIP5 parame-

ter, surface temperature, evaporation, ωmean and ωstd) are added together in a linear

superposition to evaluate if they sum up to the fully forced GREB model precipitation

response in the annual mean (Fig. 4.5 black diamonds). The superposition is close to

the fully forced GREB model precipitation response (Fig. 4.5 black diamonds) and to

the CMIP5 response represented as how close the single markers get to the top right

(correlation and relative rms equal to 1). However, the total precipitation response is

clearly dominated by ωmean followed by ωstd in these sensitivity experiments while the

parameter, surface temperature and evaporation forcing contribute little.
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Figure 4.5: Correlation of the GREB deconstruction experiment bias to CMIP5 bias and the
relative rms (rmsGREB/rmsCMIP ) for each sensitivity experiment: the fully forced GREB
model (black star), precipitation parameter (yellow), surface temperature (red), evaporation
(green), ωmean (blue), ωstd (cyan) and the superimposed (black diamond) of all deconstruction
experiments. The closer each point is to the intersection of the grey lines (r=1 and relative
rms=1) the better is the agreement between GREB sensitivity experiment and the CMIP5 bias.

CMIP5 parameters: The biases of the precipitation parameters discussed in the

previous section are mostly uncorrelated to the total CMIP5 precipitation bias (Fig. 4.5,

yellow dots) and have a small spatial amplitude in relation to the CMIP5 biases.

Surface temperature bias: The surface temperature bias has no direct relation to

the precipitation bias in GREB. The correlation between the precipitation bias for the

surface temperature forcing is nearly zero for all CMIP5 models (Fig. 4.5 red dots) and

the relative spatial variation is negligible.

Evaporation bias: The evaporation forced precipitation bias has a spatial correlation

and relative rms of around 0.25 (Fig. 4.5 green dots). However, with evaporation being

the only source of water vapour in the atmosphere globally, biases in evaporation have to

match biases in precipitation in the global mean. But they do not influence the pattern

of biases in CMIP5 models.

Omega mean bias: When the GREB model is forced with the mean state anomaly

of vertical velocity the precipitation anomaly has the most similarity with the CMIP5
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bias (Fig. 4.5 blue dots). The correlation of this deconstruction is around 0.75 and

above for most models and the highest of all deconstruction experiments. The ωmean

decomposition is nearly as good as the fully forced GREB model anomaly. Therefore,

ωmean is the largest contributor to biases in the GREB experiments (Fig. 4.5). It is

important to be noted here that ωmean controls two key elements of the hydrological

cycle in GREB: it affects the precipitation equation itself, and it controls the transport

of moisture in the atmosphere. Thus, a bias in ωmean leads to a bias in precipitation

and moisture transport, which could see the total contribution of ωmean overestimated

in the GREB model.

Omega variability bias: The precipitation anomalies caused by the mean state

bias in omega variability are the second largest contributor to the overall bias simulated

by GREB (Fig. 4.5 cyan dots) in terms of the spatial pattern. In spatial variability of

precipitation biases ωstd contributes less than ωmean.

4.5 Water vapour circulation

ωmean has a strong impact on the precipitation equation itself in the observations and

even more important role in CMIP5 models with the sensitivity of CMIP5 models to

the mean circulation being doubled compared to observation (measured using the fit-

ting constant, cωmean in Tab. 4.2). Additionally, ωmean is a controlling factor of the

water vapour circulation in the GREB model. That makes it impossible at this stage to

differentiate between biases caused through the moisture transport and biases caused di-

rectly through the precipitation parametrisation. To investigate this in more detail a new

water vapour circulation will be developed in the GREB model that can be controlled

independently from the mean vertical velocity.

4.5.1 Water vapour circulation in GREB

In the newly developed GREB model described in chapter 2 the moisture convergence

term was approximated by knowing the mean vertical air flow assuming continuity and

hydrostatic balance:

~∇(~u · qair) = qair · f ·
dtcrcl

zvapour · ρair · g
· (−ωmean) (4.2)
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with the known parameters scaling height of water vapour, zvapour, density of air, ρair,

gravitational acceleration, g, and the circulation time step, dtcrcl. The scaling factor,

f, should theoretically be 1.0 but is found to be 2.5. For more details can be found in

chapter 2.4.3.

For the new water vapour circulation, we want to use a parametrisation that is inde-

pendent of ωmean. For this method the horizontal winds are used instead of mean vertical

velocity to calculate convergence/divergence. To calculate convergence/divergence from

horizontal winds the finite volume method is applied. We therefore make use of the di-

vergence theorem, ∫
V

(∇ · ~F )dV =

∮
S

(~F · ~n)dS (4.3)

to express the convergence/divergence of a volume through the fluxes over its boundaries.

The fluxes across the boundaries are calculated for each grid cell using the mean winds

of the neighbouring grid points. For numerical stability the fluxes across the boundaries

are further restricted by a flux-limiter to ensure numerical stability.

To validate the finite volume method the annual mean for both moisture transport

parametrisations is calculated and compared (Fig. 4.6).

Both methods yield similar results (Fig. 4.6). The finite volume method is weaker

in the inter tropical convergence zone (ITCZ) over the Pacific and has more divergence

surrounding the ITCZ (Fig. 4.6c). Over land the difference between both methods are

smaller. However, South America is an exception with much more moisture convergence

using the finite volume method. The similarity of the results is to be expected. Assuming

an incompressible atmosphere, which for longer time scales is a reasonable assumption,

horizontal convergence/divergence are balanced by vertical air motion. Thus, moisture

transport calculated using either method should not result in any differences. The dif-

ferences found in Fig. 4.6c might be caused by regridding the data to the GREB model

resolution or by using the vertical mean of ω. Different to the ωmean controlled moisture

transport there was no need for a scaling factor, f.

The annual mean maps show similar features overall and the finite volume method

can confidently be applied to control moisture transport independently from the mean

vertical velocity.
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Figure 4.6: Annual mean moisture transport in GREB using ωmean [a] and finite volume
method [b] to calculate convergence/divergence of water vapour and the difference between
the two methods [c].

4.5.2 Water vapour circulation bias

In the previous section the importance of the mean circulation for the total anomaly was

highlighted. This is somewhat expected considering that ωmean controls the two major

parts of precipitation in GREB. ωmean directly influences the precipitation equation (eq.

2.11) and therefore any bias in ωmean is instantly translated into a bias in GREB precip-

itation. It also controls the water vapour transport in GREB through the water vapour
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circulation parametrisation. Because evaporation is forced to stay at control values in

the mean circulation deconstruction (Fig. 4.5 blue dots) any changes in precipitation

have to draw moisture through the circulation changes.

In this section a closer look is taken into the importance of the water vapour cir-

culation as contributor to the precipitation anomalies. To do this the water vapour

circulation term in GREB was modified to be independent from ωmean and to be calcu-

lated using the horizontal winds instead. However, convergence/divergence calculated

from horizontal winds instead of ωmean are not independent of each other, assuming an

incompressible fluid but, it gives a chance in the GREB model to look at the role of

water vapour transport and ’pure’ precipitation biases to be separated.

Fig. 4.7 shows the deconstruction of the precipitation biases as in the section before

but, this time the convergence and divergence of moisture transport in the atmosphere

is calculated using horizontal winds rather than ωmean.

Figure 4.7: Same as Fig. 4.5 but with moisture transport independent from ωmean. Cor-
relation of the GREB deconstruction experiment bias to CMIP5 bias and the relative rms
(rmsGREB/rmsCMIP ) for each sensitivity experiment: the fully forced GREB model (black
star), precipitation parameter (yellow), surface temperature (red), evaporation (green), ωmean

(blue), ωstd (cyan) and the superimposed (black diamond) of all deconstruction experiments.
The closer each point is to the intersection of the grey lines (r=1 and relative rms=1) the
better is the agreement between GREB sensitivity experiment and the CMIP5 bias.
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Overall there is a small decrease in the correlation coefficient between the CMIP5

anomaly and the GREB modelled anomaly compared to Fig. 4.5. Yet, even with mois-

ture transport calculated by horizontal winds the GREB model does well in mimicking

the anomalies seen in CMIP5 for the fully forced GREB model and the superimposed

response. The smallest correlation coefficient found is 0.61.

For most of the conceptual deconstruction experiments the results remain unchanged

to the previous section. That is, the parameters uncertainties, surface temperature and

evaporation biases contribute little to the overall bias in terms of correlation and relative

rms. The variability of vertical velocity is important, but the results have not changed

with respect to the previous section. However, there is a drastic change in the importance

of the mean vertical velocity (Fig. 4.7, blue dots).

When ωmean controls the precipitation equation and the moisture transport it is the

dominating factor in the total precipitation biases. When the atmospheric water vapour

transport is controlled by the horizontal winds, ωmean on average still has the highest

correlation with the precipitation biases but, contributes little to the amplitude. The

horizontal winds, which now control the convergence/divergence of water vapour, have

a comparable contribution to the total precipitation bias and have the largest relative

rms of all experiments.

It is important to point out that in this sensitivity experiment not a single external

forcing can be ruled as dominating factor. Overall when using the horizontal winds to

calculate atmospheric moisture transport the contribution of the dynamic contributors

ωmean, ωstd and horizontal winds is more evenly distributed.

4.6 Chapter Summary and Discussion

In this chapter we used the simple climate model GREB to decompose the CMIP5 sim-

ulations inter model spread of precipitation. Assuming the precipitation equation used

in GREB is ’perfect’ if given the correct set of fitting constant and ’correct’ boundary

conditions, biases in CMIP5 models were split to two different sources: uncertainties in

the precipitation parametrisation (i.e. the fitting parameters in the GREB precipitation

equation) and biases in the mean state of other climate variables (e.g. the mean circu-

lation). Starting with the uncertainties in the precipitation parameters the GREB model
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precipitation parametrisation was fitted against 10 different CMIP5 models. Thus, gain-

ing 10 new sets of precipitation parameters. The value of the fitting parameters was

used as indication on how sensitive each model is to different drivers of precipitation.

It was found that the CMIP5 models consistently overestimated the sensitivity of

precipitation to the mean vertical velocity, ωmean, by a factor of 2. These findings are

confirmed by other studies (i.e. Yang et al., 2018). Interestingly the sensitivity of CMIP5

model precipitation to the circulation variability, ωstd was underestimated in all models.

To our knowledge this study is the first to highlight this but, this might be related to

CMIP5 models raining too lightly too often (e.g. Dai, 2006; Stephens et al., 2010).

In the second half of this study the role of biases in climate variables and their

influence in precipitation was investigated. We presented the precipitation changes as

the result of four different forcings of surface temperature, evaporation, mean circulation

and circulation variability biases. The four forcing biases were calculated against the

CMIP5 ensemble mean and therefore the sum of all biases is zero. Additionally, the

parameter uncertainties discussed above have also been considered. The simplicity of

the GREB model allows us to force single aspects of the climate system to take any bias

in the mean state (e.g. mean circulation) while other aspects remain at control values

using the conceptual deconstruction used developed in chapter 3.

Initially the biases in mean vertical velocity were the dominating factor controlling

the total precipitation bias. It was then considered that mean vertical velocity con-

tributes to the overall precipitation bias in two ways, by influencing the precipitation

parametrisation directly and through the moisture transports. To further dissect the

individual contribution of the precipitation equation itself and the moisture transport a

new water vapour circulation parametrisation was introduced. The new water vapour

circulation parametrisation relies on the horizontal winds to calculate moisture conver-

gence/divergence instead of the mean vertical velocity.

The new moisture transport equation is using the finite volume method to calculate

convergence/divergence of water vapour and the results compare well to the mean ver-

tical velocity parametrisation. But, because the finite volume method uses horizontal

winds rather than mean vertical velocity it is now possible to separate the biases caused

by moisture transport and the direct biases in the precipitation equation caused by mean

vertical velocity. Using the new moisture transport parametrisation showed that it is
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indeed the water vapour transport that contributes substantially to the total precipita-

tion bias. The three dynamically driven biases, mean vertical velocity, vertical velocity

variability and water vapour transport have an important contribution to the total bias.

The five different forcings of precipitation anomalies add almost linearly in the GREB

model, while still giving a good representation of the inter model spread in the CMIP

simulations against the ensemble mean. This suggests that the CMIP precipitation

changes can, to a large part, be considered as linear superposition of these five forcings

although most of the biases are driven by dynamics (i.e. mean vertical velocity, vertical

velocity variability and moisture transport).

It is important to point out that vertical velocity ω, is a diagnostic variable in re-

analysis products and therefore not directly restrained through observations. This means

that the ωmean and ωstd from ERA-Interim used as references here is merely the output

of another CGCM. Which raises the questions why ERA-Interim has such a different

sensitivity to ωmean than CMIP5 models.

In more complex models (i.e. CMIP5 models) this conceptual decomposition of biases

is not possible. All of those five biases highlighted in this section are most likely highly

dependent on each other (e.g. in the tropics biases in surface temperature most likely

causes biases in vertical velocity) . Especially, biases in mean circulation, ωmean, control

biases in precipitation, but also precipitation influences the mean circulation. Latent

heating released during condensation warms the atmosphere and leads to dynamical

changes in the mean circulation. Whereas biases in the mean circulation also affect

evaporation which is influenced by the mean winds. Therefore, none of these biases can

be separated easily.

However, there are several shortcomings in this chapter:

• The GREB precipitation parameters (e.g. cω) do not directly relate to the precipi-

tation parametrisation used in CMIP5 models. The GREB precipitation parameters

can be more understood as how CMIP5 model precipitation reacts to changes in

the boundary conditions (e.g. surface temperature changes). Therefore, in order

to relate the GREB precipitation parameters better to the actual CMIP precipita-

tion parametrisation future work should focus on better understanding the CMIP

precipitation parametrisations.

• It is not straight forward to compare the GREB precipitation parameters. The
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parameters have different units (e.g. cq is unit less while cω = [ s
hPa

]) and the

climatological fields they are multiplied with (e.g. crq·rq) have different magnitudes

and a different strong seasonal cycle. For example the annual mean of relative

humidity is in the order of O(100) while the annual mean of specific humidity, ωmean

and ωstd are in the order of O(10−2). This could, at least to some extend, explain

why the moisture and circulation parameters have different orders of magnitude

and this has not been considered in this chapter. To overcome this, the fitting

constants could be multiplied with their representative climatological value (e.g.

multiply cq with the annual mean specific humidity).

• It was found that the GREB precipitation parameter biases contribute little to the

overall bias. However, it was not investigated if the parameter biases compensate

each other. Considering that the CMIP5 fitted parameters were too sensitive to the

mean circulation but showed little sensitivity to the moisture term, compensating

biases between the mean circulation and moisture terms seems to be a reasonable

assumption. This could be tested using the observed GREB precipitation model

and replacing only a single fitting constant (e.g. cω) with the CMIP5 value.

• Although arid regions often experience negative precipitation in the GREB model

the annual mean negative rainfall amount is negligible compared to the amount of

global mean precipitation. Nonetheless, this deserves some attention when further

developing the GREB model.

Despite the shortcomings, this study has shown that the GREB model in general is

able to reproduce precipitation biases in CMIP5 models skilfully and that the deconstruc-

tion approach used is indeed capable of analysing the precipitation biases of the CMIP5

models. The discussion highlighted some shortcomings of this chapter but showed pos-

sible pathways on how to extend this research to gain more insights into precipitation

biases and how the GREB model can be applied as an analysis tool. The value of this

decomposition approach and the importance of considering the precipitation biases is

further highlighted in the next chapter, especially in section 5.5.
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Table 4.3: As Tab. 4.2 but for the moisture terms only: Precipitation parameters for observed
precipitation, 10 different CMIP5 models, the ensemble mean of the 10 CMIP5 models and
the average of the fitted parameters for the moisture terms only. The spread of the model
parameters is shown as standard deviation.

Variable cqctrl cqrcp crqctrl crqrcp

Observed -1.78 3.48

ensmean -1.15 -0.64 2.79 1.97

ACCESS1-0 -1.62 -0.94 3.73 2.55

ACCESS1-3 -1.36 -0.98 3.27 2.54

BNU-ESM -1.49 -1.06 3.17 2.41

FGOALS-g2 -1.02 -0.80 2.81 2.13

GFDL-ESM2G -1.18 -0.65 2.97 2.24

GFDL-ESM2M -0.94 -0.64 2.64 2.02

IPSL-CM5A-LR -1.13 -0.58 2.69 1.81

MIROC-ESM-
CHEM

-0.53 -0.35 1.78 1.35

MIROC5 -1.26 -0.68 3.15 2.13

MRI-CGCM3 -1.96 -1.45 3.66 2.89

average -1.26 -0.81 2.98 2.19

std 0.36 0.29 0.53 0.41
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Table 4.4: Equilibrium relative humidity of the moisture precipitation terms. Any higher
relative humidity will lead to precipitation.

Variable relative humidity balance in %

Observed 84

ensmean 39

ACCESS1-0 34

ACCESS1-3 12

BNU-ESM 54

FGOALS-g2 46

GFDL-ESM2G 41

GFDL-ESM2M 41

IPSL-CM5A-LR 56

MIROC-ESM-CHEM 46

MIROC5 45

MRI-CGCM3 53
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Chapter 5

Southern Hemisphere Precipitation

Trend Reversal

5.1 Preface

The decrease of precipitation in the subtropics is a prominent feature in climate change

projections. However, geological records of warmer-than-present climate states show a

wetter and not drier mean climate in the Southern Hemisphere subtropics. The initial

drying in the Southern Hemisphere subtropics in the twenty-first century shows a positive

precipitation trend in the twenty-third century in some CMIP5 models and the ensemble

mean. The simple GREB model deconstruction of chapter 3 is used to investigate the

sources of the precipitation trend reversal in the Southern Hemisphere. The precipitation

trend reversal is decomposed into four separate forcings (surface temperature, evapora-

tion, mean vertical velocity and vertical velocity variability). The results indicate that

of the four forcings only evaporation contributes positively to the Southern Hemisphere

precipitation trend. The GREB model is unable to reproduce the trend reversal seen in

the CMIP5 ensemble mean and it was tested what role the precipitation parameters play.

Nonetheless, the results provide good insights into the drivers of precipitation change

beyond results of chapter 3 and highlight the importance of the precipitation parameters.
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5.2 Introduction

Climate change projection based on the Couple Model Intercomparison Project phase 5

(CMIP5) project an increase in global mean precipitation of roughly 2% per degree of

warming (Held and Soden, 2006). The 2% change in precipitation comes in contrast

to an increase in atmospheric water vapour of about 7% per degree of warming closely

following the Clausius-Clapeyron equation. This muted response has been extensively

discussed in chapter 3.4 and is explained by a general slowdown of the atmospheric

circulation (Chadwick et al., 2013; Held and Soden, 2006) and changes in radiative

cooling (Allen and Ingram, 2002; Pendergrass and Hartmann, 2014).

Although precipitation is increasing by 2% per degree of warming globally, this does

not mean it is increasing at the same rate everywhere. Precipitation is generally projected

to increase in the ITCZ, with a large-scale precipitation decline in the subtropics and

an increase in precipitation in mid- to high- latitude storm tracks (Allen and Ingram,

2002; Chou and Neelin, 2004; He and Soden, 2016; Held and Soden, 2006; Neelin

et al., 2006). This pattern change is often referred to as the ‘wet-get-wetter’ (Held

and Soden, 2006). The wet-get-wetter hypothesis is mainly built on the idea that a

warmer atmosphere holds and therefore transports more moisture out of dry regions into

wet regions if the circulation remains unchanged (Chadwick et al., 2013). However,

in chapter 3.4 we highlight the importance of dynamical changes. The simulations

that show the decrease of precipitation of the subtropics are based on rapidly increasing

emission scenarios (RCP8.5), before the temperature trend stabilises and can therefore be

seen as a transient rather than an equilibrium response. The rapid, transient adjustment,

is insufficient to explain the time evolution of the hydrological cycle and Zappa et al.

(2020) showed that the drying will not continue after greenhouse gas concentrations are

stabilised.

Contrary to this drying trend in the fast, transient precipitation response, geological

records show a wetting of the subtropics in warmer-than-present climate state (Hay-

wood et al., 2013; Sniderman et al., 2016, 2019). Sniderman et al. (2019) link the

meridional temperature gradient, which influences the strength of the Hadley circula-

tion, and thus the strength and position of the descent in the subtropics, to the initial

drying. The meridional temperature gradient trend reverses soon after the CO2 concen-
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tration stabilises and this is generally associated with a reversal of winter precipitation

in the southern hemisphere subtropics.

This chapter is based on the analysis done by Sniderman et al. (2019) and is an

extension of chapter 3. It looks at much longer simulations of the RCP8.5 emission

scenario. The conceptual deconstruction ability of the GREB model, highlighted in the

previous chapters, is used to better evaluate which forcings drive the precipitation trend

reversal. This last chapter nicely combines the findings of all previous chapters, using the

new GREB hydrological cycle model described in chapter 2, applying the deconstruction

method of chapter 3, and indicating the importance of the precipitation parameters of

chapter 4. In the next section the data and models of CMIP5 used are described and in

section 5.4 the findings of the conceptual deconstruction are discussed. The last section

concludes and summarises this chapter.

5.3 Data and Methods

The models of Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al.,

2012) used in this study are summarized in Tab. 5.1. We used all available models of the

historical and RCP8.5 scenario that provided the variables, the time frequency needed

for the analysis and the length of simulation record until the year 2999. All datasets

are re-gridded to a horizontal resolution of 3.75o × 3.75o to match the GREB model

horizontal resolution and monthly climatologies are calculated for each century. For the

climatology of ωmean a monthly output frequency is used and a weighted vertical mean

over all levels is applied to smooth the data. For the climatology of ωstd a daily output

frequency is needed in order to calculate the daily standard deviation. Only three models

provided daily output of ω (highlighted in green in Tab. 5.1). For those three models a

weighted vertical mean is applied to smooth the data and the daily standard deviation

is calculated. For the multi-model ensemble mean all models in Tab. 5.1 are used.

5.4 Trend Reversal in CMIP5 Models

In this section the precipitation trend reversal is investigated in CMIP5. The trend

for precipitation (Fig. 5.1) itself and the four external boundary forcings of, surface

temperature (Fig. 5.2), evaporation (Fig. 5.3), mean vertical velocity (Fig. 5.4) and
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Table 5.1: List of CMIP5 models used for the southern hemisphere precipitation reversal.
Green text indicates models with daily output frequency of ω available.

Models

BCC-CSM1-1 CCSM4

CNRM-CM5 CSIRO-Mk3.6.0

GISS-E2-H GISS-E2-R

HadGEM2-ES IPSL-CM5A-LR

MPI-ESM-LR

vertical velocity variability (Fig. 5.5) are calculated for the ensemble mean and the time

series of the southern hemisphere subtropics (35oS - 25oS) for each variable is calculated.

The circulation variability response to the control simulation is shown in Fig. 5.6. The

feasibility and importance of those four external boundary condition forcings has been

discussed extensively in chapter 3 and will therefore be considered in this chapter again.

In the first of the three centuries the precipitation trend is negative for most of the

southern hemisphere subtropics, while the tropical Pacific and the mid- to high latitudes

see a positive precipitation trend. This pattern does not change much into the second

century from the year 2100 to 2199 although some regions in the southern hemisphere

subtropics already experience a reversal in the trend (e.g. Fiji and Indian Ocean). The

time series of the ensemble mean is plateauing between 2100 and 2199. Between the

years 2200 and 2299 the reversal of the precipitation trend becomes more obvious with

the time series having a clear positive trend, eventually reaching even higher precipitation

values than at the beginning of the time series. The precipitation reversal is only seen

in 5 of 8 ensemble members in the climate change projections.

The temperature trend in the years 2006-2099 and 2100-2199 are again similar to

each other. The trend is strongest in the northern hemisphere and generally more

pronounced over land than over ocean and is weakest in the Southern Ocean. From

2200 to 2299 the temperature stabilises in the time series and the trend decreases (Fig.

5.2). All models agree well on this trend.

Evaporation has a positive trend nearly everywhere for all three centuries. There are

only a few regions that have a negative trend (e.g. Greenland) and most negative trends

turn positive between 2200 and 2299.

Mean vertical velocity, ωmean, shows a trend in the first century that looks similar

to the precipitation trend. This is expected because the circulation changes play an
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Figure 5.1: Precipitation trends. Precipitation trends (mm day-1 century-1) are shown for
the twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-left) century and
the time series of Southern Hemisphere subtropical 20 year rolling mean precipitation. The
thick black line indicates the ensemble mean, while the grey lines represent single models. The
three green lines are the models that have daily output of ω available.

Figure 5.2: Surface temperature trends. Surface temperature trends (K century-1) are
shown for the twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-left)
century and the time series of Southern Hemisphere subtropical 20 year rolling mean precipi-
tation. The thick black line indicates the ensemble mean, while the grey lines represent single
models. The three green lines are the models that have daily output of ω available.

important role in the precipitation response as highlighted in chapter 3. From 2100 to

2199 the pattern stays the same, but the trend gets slightly weaker. In the century from

2200 to 2299 the trend in ωmean weakens substantially and it seems that the circulation

changes are nearing a new equilibrium (i.e. trends are plateauing). In the time series it

can be seen that only one model has daily output available for every day from 2006 to
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Figure 5.3: Evaporation trends. Evaporation trends (mm day-1 century-1) are shown for
the twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-left) century and
the time series of Southern Hemisphere subtropical 20 year rolling mean precipitation. The
thick black line indicates the ensemble mean, while the grey lines represent single models. The
three green lines are the models that have daily output of ω available.

2299 while the other two only simulated the end of each century.

Figure 5.4: Mean circulation trends. ωmean trends (hPa s-1 century-1) are shown for the
twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-left) century and the
time series of Southern Hemisphere subtropical 20 year rolling mean precipitation. The thick
black line indicates the ensemble mean, while the grey lines represent single models. The three
green lines are the models that have daily output of ω available.

The whole century is used to calculate daily standard deviation of ω. This means

each century only has one climatology available and it is not possible to calculate a

trend for centuries independently. However, the century mean shows a clear decrease

of omegastd from 2006 to 2299 (Fig. 5.5). The pattern of the ωstd response stays
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similar throughout the centuries but increases in magnitude. The last century shows a

strong decrease in variability in the subtropics in both hemispheres and an increase in

variability in the tropical Pacific. The importance of high frequency weather changes

was highlighted in chapter 3.

Figure 5.5: Circulation variability trends. ωstd trends (hPa s-1 century-1) are shown for
the twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-left) century and
the time series of Southern Hemisphere subtropical 20 year rolling mean precipitation. The
thick black line indicates the ensemble mean, while the grey lines represent single models. The
three green lines are the models that have daily output of ω available.

Figure 5.6: Circulation variability response trends. ωstd response trends (hPa s-1 century-
1) are shown for the twenty-first (top-left), twenty-second (top-right), twenty-third (bottom-
left) century and the time series of Southern Hemisphere subtropical 20 year rolling mean
precipitation. The thick blue line indicates the ensemble mean.
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5.5 Trend Reversal Deconstruction in GREB

This chapter is an extension of the analysis in chapter 3 and looks at much longer model

simulations. It is using the same decomposition approach and is based on a series of

sensitivity experiments with the GREB model.

If the precipitation is free to respond, then q and rq are largely controlled by the

evaporation (∆qeva) and the atmospheric temperatures. The latter is strongly linked

to the surface temperature. Thus, to study the precipitation response to changes in

environmental factors, the GREB model can be driven by changes in ωmean, ωstd, ∆qeva

and surface temperature. Each of those changes is forced through boundary conditions

taken from the CMIP5 RCP8.5 ensemble mean while atmospheric temperatures, humidity

and precipitation are free to respond.

Fig. 5.7 shows for each century the conceptual deconstruction of the precipitation

response to the four different forcings (surface temperature, evaporation, mean verti-

cal velocity and vertical velocity variability) compared to the control simulation. The

fully forced GREB model compares reasonably well with the global CMIP5 simulated

precipitation response. Yet, the GREB model fails to reproduce the reversal trend of

precipitation seen in CMIP5. Generally, the areas of precipitation decrease are over-

estimated (i.e. southern hemisphere sub-tropical Pacific and Australia) compared to

CMIP5.

Surface temperature changes: We start with the precipitation response of the

surface temperature forced sensitivity experiment (Fig. 5.7i-l). Increasing the tempera-

ture enhances the existing moisture transport in the atmosphere and thus, results in an

enhanced control precipitation. Changing the surface temperature, does not affect the

global precipitation and only changes the precipitation pattern. This has been discussed

extensively in chapter 3. The trend in precipitation response in GREB shows no sign of

plateauing even though the temperature trend itself is levelling out (Fig. 5.2).

Evaporation changes: As evaporation is increasing globally with a warmer climate

(Fig. 5.3) this also leads to more global precipitation in this sensitivity experiment (Fig.

5.7m-p) . Southern hemisphere subtropical rainfall increases by 0.5 mm/day in 2299.

This is in line with the increase of evaporation of the ensemble mean (Fig. 5.3). As

discussed in chapter 3 this added moisture is recycled mostly instantly as the atmosphere
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is not warming and is close to saturation.

Mean circulation changes: The mean circulation sensitivity experiment response

(Fig. 5.7q-t) has a similar pattern in all three centuries. However, in the twenty-first

century the southern hemisphere subtropical precipitation response is zero while the other

two show an increase in subtropical rainfall with nearly 2 mm/day more precipitation

in the twenty-third century. ωmean controls the precipitation equation directly and also

alters the moisture transport. Therefore, the change in precipitation compares well to the

forced change of the ωmean boundary condition. The evaporation changes and the mean

circulation changes are the only two of the four deconstruction sensitivity experiments

that show an increase in precipitation.

Circulation variability changes: The circulation variability precipitation response

has a clear pattern and generally shows a strong decrease in subtropical precipitation

(Fig. 5.7u-x). This has been discussed in chapter 3. In the twenty-second and twenty-

third century circulation variability is decreasing even more. With a reduction of 0.75

mm/day it becomes the dominating factor of precipitation reduction in the subtropics.

Figure 5.7: Precipitation response decomposition in mm/day for the fully forced and the
single RCP8.5 forcings of surface temperature, evaporation, mean circulation and the daily
circulation variability. The right panel shows the mean values for the southern hemisphere
subtropics for each century.
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Only the evaporation and mean circulation sensitivity experiment lead to an increase

in precipitation. The other two experiments show a decrease in precipitation with the

reduction in circulation variability being the most pronounced. The decrease in pre-

cipitation in the circulation variability deconstruction has the strongest response of all

experiments being large enough to compensate both increases in precipitation (evap-

oration and mean circulation) and together with the reduction through the increased

temperature causing the whole GREB model precipitation response to become negative.

Thus, the GREB model at this stage fails to reproduce the reversal of the precip-

itation trend found in CMIP5 models. In chapter 4 it was discussed that the set of

precipitation parameters in CMIP5 models is different to the ’observed’ set of precip-

itation parameters used to deconstruct the precipitation response shown in Fig. 5.7.

Therefore, it is only reasonable to test if this reversal in the precipitation trend of the

southern hemisphere subtropics can only be accurately simulated in GREB if we use the

CMIP5 set of precipitation parameters.

Changing the set of parameters gives each part of the precipitation equation a differ-

ent weight. In CMIP5 models the mean circulation, ω, has a much higher weight than

in the observed set of parameters (see Tab. 4.2). At the same time mean circulation

variability, ωstd has less weight (Tab. 4.2) and therefore reductions in mean circulation

variability might be less important in CMIP5 models. In short, with the CMIP5 precipita-

tion parameter set the boundary condition that leads to an increase in precipitation (i.e.

ωmean) becomes more important while the boundary condition that lead to the strongest

decrease in precipitation (i.e. ωstd) becomes less important. The deconstruction using

the CMIP5 set of precipitation parameters is shown in Fig. 5.8. There are only minor

changes for the surface temperature and evaporation deconstruction experiment. This is

somewhat expected as neither influences the precipitation as directly as ωmean and ωstd

do. The response of precipitation to the surface temperature forcing is slightly stronger

than before. This is due to the higher sensitivity of the GREB precipitation to circulation

changes in the CMIP5 parameter set.

There is now more precipitation in the mean circulation deconstruction than in the

’observed’ parameter set experiments highlighting the increased sensitivity of the GREB

model precipitation equation to changes in the mean circulation. This is due to a larger

cω parameter in the CMIP5 fitted set of precipitation parameters (Tab. 4.2). Therefore,
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Figure 5.8: As Fig. 5.7 but for CMIP5 fitted parameters. Precipitation response decompo-
sition in mm/day for the fully forced and the single RCP8.5 forcings of surface temperature,
evaporation, mean circulation and the daily circulation variability. The right panel shows
the mean values for the southern hemisphere subtropics for each century. The CMIP5 fitted
precipitation parameter set of the ensemble mean (Tab. 4.2) are used.

any increase in ω leads to an even stronger increase in precipitation. For the same reasons

the reductions of ωstd in the southern hemisphere subtropics are now less important than

they were before.

The reduction of precipitation is now less than in the previous experiment (compare

Figs. 5.7h and 5.8h) and seems to be plateauing but, the change of the precipitation pa-

rameters used in GREB is still not leading to a reversal in the precipitation deconstruction

in the GREB model in the twenty-third century.

5.6 Summary and Discussion

This chapter can be seen as an extension of chapter 3 where the climate change response

of the hydrological cycle in CMIP5 models was deconstructed. The ensemble mean of

nine CMIP5 models with simulation model output spanning the three centuries from

2006 to the year 2299 were analysed to first confirm the findings of a reversal of the

precipitation decrease as found by Sniderman et al. (2019). The model data for key
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drivers of precipitation response identified in chapter 3, surface temperature, evaporation,

circulation changes and circulation variability changes for century have been prepared

and the ensemble mean calculated.

It is found that not all CMIP5 models show a reversal of the drying in the southern

hemisphere subtropics and that the model spread is large, and the reversal is more pro-

nounced in some models. The temperature is strongly increasing the first two centuries

and slowly plateaus in the third century. Evaporation follows a similar trend. The mean

circulation, here represented through the mean vertical velocity, is generally positive

in the subtropics, indicating descending air masses has a steady negative trend in the

twenty-first and twenty-second century and a slightly less but still negative trend in the

twenty-third century. The circulation variability shows a distinct response pattern, with

reduced variability in the southern hemisphere subtropics. The decrease in variability

gets stronger from century to century. Unfortunately, only three models write the neces-

sary ω output daily needed to calculate the circulation variability. Nonetheless, all three

models agree strongly on the reduction of circulation variability.

The same deconstruction method as in chapter 3 was used and the GREB model

was forced with four single aspects of the climate system (surface temperature, evapora-

tion, mean circulation and circulation variability) taken from the CMIP5 ensemble mean

response while keeping the other variables at control values.

The GREB model deconstruction was applied and it was found that two of the four

sensitivity experiments lead to an increase in southern hemisphere subtropical precip-

itation. Evaporation increases precipitation by more than 4 mm/day in the southern

hemisphere subtropics. The negative trend of mean vertical velocity adds another 2

mm/day increase of precipitation. The increase of precipitation through the evaporation

is rather uniform throughout the subtropics while the precipitation response pattern of

the ω sensitivity experiment shows some regional differences with decreases in precipita-

tion in the eastern subtropical Pacific and increases east of Australia.

The other two sensitivity experiments, surface temperature and circulation variabil-

ity forcing, cause a strong decline in subtropical precipitation with the latter being the

most pronounced reduction. With a decline in subtropical circulation variability less

precipitation falls in each century. The reduction of rainfall is evident throughout the

southern hemisphere subtropics and there are mostly no regional differences. The second
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sensitivity experiment that leads to less precipitation is the increase in surface temper-

ature. The warmer atmosphere amplifies the existing precipitation patterns through an

enhanced moisture transport. That is a warmer atmosphere can hold more water vapour

and with mean circulation being held a control values transport more water vapour out

of climatological dry regions into wet regions leading to an amplified precipitation re-

sponse with no changes to the precipitation pattern. Interestingly although the surface

temperature plateaus in the twenty-third century the precipitation response in GREB

does not plateau but decreases steadily in all three centuries.

With the strong decrease in precipitation through circulation variability and none

of the sensitivity experiments having an equal increase in precipitation the fully forced

GREB model fails to reproduce the precipitation reversal seen in CMIP5. The fully forced

GREB model strongly overestimates precipitation reductions in the southern hemisphere

subtropics when compared to CMIP5 (i.e. precipitation reduction over Australia and

Pacific). However, the GREB model is capable of reproducing the precipitation reversal

in a single CMIP5 model (e.g. CSIRO-Mk3.6.0 see Fig. C1). Although the GREB model

is overestimating the precipitation response compared to the CMIP5 model it generally

follows the precipitation trend.

It was shown in chapter 4 that when the GREB precipitation model is fitted against

CMIP5 models mean circulation changes are far more important while the circulation

variability becomes less important. Considering that the mean circulation lead to an

increase in precipitation (and more important for CMIP5 fitted) while the circulation

variability had the largest reduction (and is less important for CMIP5 fitted) it is only

reasonable to test the same deconstruction again with CMIP5 fitted parameters.

It was found that using the CMIP5 set of precipitation parameters does lead to less

sensitivity to circulation variability changes and thus less precipitation reduction for the

negative response of ωstd. Additionally, more precipitation is caused through the mean

circulation than for the observed precipitation parameter set. With the CMIP5 parameter

precipitation in the fully forced GREB model plateaus in the twenty third century instead

of decreasing even further. However, those changes are not enough for the GREB model

to reproduce the reversal in precipitation, but they are a step towards the right direction.

There could be several reasons why the GREB model is failing to reproduce the

reversal of the precipitation trend in the southern hemisphere subtropics. Our analysis
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was highly limited by the amount of model output available. In particular only three

models had a daily output frequency of ω which is needed to create the ωstd boundary

condition. Thus, only three models contributed to the ωstd boundary condition, while

nine models contributed to the other three boundary conditions. Additionally, of the three

models that have ωstd only two show a reversal, while one has not much precipitation

response at all. In future work it might be interesting to limit this deconstruction to the

three models writing all output necessary or even deconstruct the two models that show

a reversal in the first place.

Nonetheless, the outcome of this study shows highly interesting results. This research

nicely combined all three previous chapters and indicates that much more research needs

to be done into the reversal of precipitation. Specifically, it needs to be considered that

CGCMs are much more sensitive to mean circulation changes than observations justify.

The role of the precipitation sensitivity of CMIP5 models to the mean circulation needs

to be explored in more detail as the results of this chapter suggest that this could be a

feature only seen in climate models and not necessarily in the real world.
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Chapter 6

Conclusions

6.1 Thesis Summary

The hydrological cycle is one of the most important features of the Earth’s climate system

and influences the climate in many ways. Accordingly, in order to understand how the

climate may change into the future, a thorough understanding of the hydrological cycle is

required. One topic that deserves urgent and systematic attention is the response of the

hydrological cycle (specifically precipitation) to climate change. Precipitation projections

are one of the most important considerations under climate change as any change in

rainfall may have a major impact on humanity. Despite its importance, there is little

consensus on the observed or expected changes in spatial patterns of mean precipitation

due to climate change. This is not surprising considering the high spatial and temporal

variability of precipitation and given the relatively short observational record of reliable

global precipitation observations of not much more than 40 years (e.g. GPCP starting

in 1979).

Therefore global water cycle with all its sub processes (evaporation, rainfall, etc.)

remains one of the least understood natural cycles. This leads to uncertainty in predicting

changes in the hydrological cycle associated with climate change. To reduce these

uncertainties, we must build the best models we can. Both a substantial increase in

climate model resolution and, as this thesis argues, a more conceptual understanding of
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the hydrological cycle is needed to identify where uncertainties lie.

To tackle these uncertainties this thesis aimed to address three key questions:

1. Can we simulate the large-scale features of the hydrological cycle on a monthly

time scale (evaporation, advection and rainfall) in a simplified model (GREB) with

a similar skill like CGCMs?

2. How do the climate boundary conditions (temperature, evaporation, mean circu-

lation and circulation variability) for precipitation change with climate change and

can we quantify their role in changing precipitation?

3. What processes cause large uncertainties in precipitation in CMIP5 simulations?

We will summarise our findings regarding each of those key questions in the sections

below.

6.1.1 Hydrological Cycle Model Development

Starting from a rudimentary hydrological cycle introduced in chapter 1, in chapter 2

the hydrological cycle model as part of the Globally Resolved Energy Balance (GREB)

model was developed. Three new models were introduced simulating: precipitation,

evaporation and the horizontal transport of water vapour in the atmosphere.

The new precipitation model is based on the dynamically simulated specific humidity

and relative humidity in GREB and the two prescribed boundary conditions of mean

vertical velocity and daily vertical velocity variability. The evaporation bulk formula in

GREB is slightly refined by considering differences in sensitivity to winds over ocean and

land and by improving the estimate of wind magnitudes. A new parametrisation based on

vertical winds was introduced to simulate the horizontal convergence and divergence of

moisture transport and all new parametrisation were fitted against observations (GPCP)

and reanalysis data sets (ERA-Interim). To validate the model three sensitivity experi-

ments were performed: the simulation of the annual cycle, El Nino-Southern-Oscillation

and climate change and it was found that the new hydrological cycle model performed

with skill comparable to more complex CMIP5 models.

With the improved hydrological cycle the GREB model is now a useful tool. The

GREB model can be applied to study the response of the climate system to external
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forcings such as climate change but also to understand inter-model differences and can

generally be applied to get a more conceptual understanding of the climate system.

6.1.2 Conceptual Deconstruction of the Simulated Precipitation

Response to Climate Change

In the next chapter, chapter 3, the new GREB model was applied to gain a more con-

ceptual understanding of the hydrological cycle under climate change. Current CMIP5

climate change projections suggest a fairly complex pattern of precipitation changes with

strong regional differences. Due to the complex nature of CGCM simulations understand-

ing what drives these changes is difficult. Although many studies exist highlighting the

radiative constraint on global precipitation, these studies fail to explain the regional

differences. Probably the most famous approach in explaining the regional differences

is the wet-get-wetter idea relating an enhanced moisture transport in a warmer atmo-

sphere to an amplified precipitation response. However, this approach is fails to consider

circulation changes.

Given the mass balance of water, local changes in precipitation result from changes in

humidity, horizontal transport of water vapour, evaporation or the processes the control

precipitation. Thus, four important forcings for precipitation were isolated:

1. Changes in surface temperature which control the amount of water vapour the

atmosphere can hold and therefore the amount of water vapour transported by

the mean winds, and relative humidity which directly influences precipitation,

2. Changes in evaporation, which are the only of the four forcings to control global

mean changes.

3. Mean circulation changes, which affect the precipitation directly through regional

differences in ascending and descending air masses and indirectly through the

transport of water vapour in the atmosphere.

4. Regional circulation variability changes, which influence the precipitation in GREB

directly.

Using the simple climate model developed in chapter 2, the precipitation response was

presented as the result of the four forcings highlighted above and it was found that the
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CMIP5 precipitation response can be considered as a linear superposition of these four

forcings. The precipitation response in GREB due to the surface temperature forcing

showed an intensification of the control precipitation through an enhanced moisture

transport. This follows the wet-get-wetter principle.

The evaporation forcing led to a direct local response in GREB precipitation. Evapo-

ration is the only forcing that can control the global mean response and is only increasing

by about 2% per degree of global warming exactly balancing the precipitation response.

While globally evaporation and precipitation changes have to balance each other, it re-

mains unclear which of the two controls the other. Therefore, any future studies should

focus more on understanding evaporation changes.

It was found that the mean circulation changes affect precipitation in two ways,

by changing the transport of water vapour in the atmosphere and through altering

precipitation directly. The change in mean circulation was the single most important

forcing of the four forcings discussed.

The circulation variability simulates the effect of weather variability in the GREB

model. A general decrease of circulation variability in the subtropics was found that

subsequently leads to a decrease in precipitation and accumulation of water vapour in

the atmosphere thus modifying moisture transport. This enhanced moisture transport

supplies the moisture needed to sustain precipitation changes, especially the increase of

precipitation and circulation variability in the tropical Pacific. The response of circula-

tion variability and its effect on mean precipitation has not been discussed much in the

literature. However, areas of strongest evaporation (i.e. subtropics) match areas that

experience a strong decline in weather variability. It is reasonable to assume that evap-

oration and weather variability are interlinked and that a decrease in weather variability

affects evaporation. This connection between evaporation and and weather variability

may be important to understand large-scale precipitation and evaporation changes.

6.1.3 Precipitation Biases in CMIP5 models

The aim of this chapter was to investigate what processes cause large scale uncertainties

in CMIP5 precipitation. Initially biases in precipitation are split into two different origins:

biases in the precipitation parametrisation itself and biases in the boundary conditions

driving precipitation. Firstly, the uncertainties in the precipitation parameters themselves
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it was found that CMIP5 models are too sensitive to mean vertical velocity and not

sensitive enough to vertical velocity variability. The overestimated sensitivity to the

mean vertical velocity has also been highlighted by other studies (i.e. Yang et al., 2018)

but for the reduced sensitivity of circulation variability no references in the literature

were found. However, the reduced sensitivity to weather variability could be related to

the common bias in CMIP5 models to precipitate too lightly too often (e.g. Dai, 2006;

Stephens et al., 2010)

Quantitatively the contribution of the parameter uncertainties was small when com-

pared to biases in climate variables driving precipitation. Biases in mean vertical velocity

were the dominant factor in the total precipitation bias, affecting the precipitation equa-

tion directly and the moisture transport in the GREB model. To separate the effects

of ωmean on the precipitation parametrisation and the moisture transport a new conver-

gence/divergence parametrisation was introduced that relies on the horizontal winds.

Using the new convergence parametrisation, it was found that the moisture transport

biases play an important role in the total precipitation bias in CMIP5 models. Some

shortcomings of this chapter have been discussed but, it was shown how the GREB

model can be used as a helpful tool to analyse biases in CMIP5 precipitation. Pathways

have been highlighted, of how future work can build on these findings and were it can

improve this research.

6.1.4 Southern Hemisphere Precipitation Reversal

This chapter is based on the southern hemisphere precipitation trend reversal shown by

Sniderman et al. (2019). Geological records of previous warmer-than-present climates

show a wetter rather than drier subtropics. This contradicts the wet-get-wetter hypoth-

esis. Sniderman et al. (2019) showed that this drying trend seen in CMIP5 models might

only be a transient rather than equilibrium response in climate models.

In this chapter the results of all three previous chapters were combined. That is

the new hydrological cycle model developed in chapter 2 was used, the deconstruction

method of chapter 3 was applied and the analysis of chapter 3 was extended for very long

CMIP5 simulations. Additionally, the role of biases in the CMIP5 model parametrisations,

discussed in chapter 4 were considered.

The southern hemisphere precipitation response for the twenty-first, twenty-second
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and twenty-third century is deconstructed into the quantitative contribution of the pre-

cipitation boundary conditions of surface temperature, evaporation, mean circulation and

circulation variability. The results indicate that only two of the four forcings, namely

evaporation and mean circulation, contribute to an increase in southern hemisphere sub-

tropical precipitation in all three centuries. However, the reduction, especially reduced

precipitation through circulation variability, dominate the overall precipitation trend. This

leads to the GREB model being unable to reproduce the precipitation reversal.

It was then tested what role the precipitation parameters play by replacing the ob-

served precipitation parameter set with the CMIP5 fitted precipitation parameter set.

This was a reasonable approach considering that in CMIP5 models the importance of

mean circulation on precipitation is overestimated and the sensitivity to circulation vari-

ability underestimated. Thus, in CMIP5 models the increase of precipitation through

mean circulation would be overstated while the reductions of precipitation by circulation

variability underestimated. Replacing the set of observed parameters to the CMIP5 pre-

cipitation parameter set does push the GREB model closer to a precipitation reversal for

above hypothesised reasons of different sensitivities in CMIP5 models to mean circula-

tion and circulation variability. However, the change in parameters was not enough for

a reversal in the precipitation trend.

Nonetheless the outcome of this chapter has been highly interesting. The results

highlight the importance of considering climate model biases and sensitivities to boundary

conditions of precipitation (e.g. mean circulation) and indicate that much more research

needs to address the precipitation reversal in relation to model biases.

6.2 Future Work

This thesis developed a new hydrological cycle model for the Globally Resolved Energy

(GREB) model. The new model was validated in a set of three sensitivity experiments

and in the following chapters used to gain a more conceptual understanding of the pre-

cipitation response to climate change, for biases in CMIP5 models and the precipitation

reversal a trend projected for the southern hemisphere subtropics. But ultimately this

thesis developed a new powerful and quick tool to study the hydrological cycle and

highlighted some applications of this new tool.
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Although many interesting results were found in this research more questions remain.

The importance of circulation variability on precipitation changes was highlighted, which

in relation to precipitation change has mostly been neglected in the literature. However,

what drives this clear pattern of circulation variability was not established in this thesis.

Although Weller et al. (2019) found that this response might be related to a decrease in

low-level convergence lines. It was hypothesised that the circulation variability might play

a role beyond its controls on precipitation and might influence the evaporation response.

This could have great impacts on the evaporation response considering that the regions

of strong decline in variability match regions with strongest evaporation.

Another surprising result was the clear difference between the GREB precipitation

equation when fitted to CMIP5 models rather than observations. The CMIP5 fitted

equation showed a heightened sensitivity to the mean circulation and less sensitivity to

circulation variability. The overestimated sensitivity to mean circulation has also been

found by other studies (i.e. Yang et al., 2018), but the reduced sensitivity to circulation

variability has not been discussed previously.

A caveat of the GREB model in this thesis is that important forcings for precipitation

(i.e. ωmean and ωstd) are prescribed as boundary conditions. This limits the GREB model

to be a sophisticated diagnostic tool to analyse the climate rather than being a dynamic

model. With forcing ωmean, an important variable in precipitation and precipitation

changes, a key part of the response is already given through the forcing. Therefore, the

GREB model is unable to make suggestions where biases in ωmean or ωstd originate from.

Vertical velocity in reanalysis product is poorly constrained. Thus, comparing vertical

velocity from reanalysis to CMIP5 models is in essence not much more than comparing

the vertical velocity of different climate models to each other. This is most likely an

even bigger issue for high-frequency variability of vertical velocity, ωstd.

Building on the findings of the previous chapters it was found that the GREB model

is unable to reproduce the reversed precipitation trend in the southern hemisphere sub-

tropics during the twenty-third century using the observed precipitation parameter set.

Only when the CMIP5 parameter set with its increased mean circulation and reduced

circulation variability is used the GREB model is somewhat able to show a reversal in the

precipitation trend. This indicates that the positive response of rainfall in the southern

hemisphere subtropics might only be a response in climate models. Therefore, much
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6.2. Future Work 6. Conclusions

more research should be done to investigate the role of biases in climate models.

Furthermore, the GREB model development is far from finished:

• The evaporation model in GREB is unable to reproduce evaporation changes under

global warming in both, magnitude and pattern and needs further development;

• Precipitation in the mid- to high-latitudes in GREB needs further improvement.

The GREB model generally does not precipitate enough in the extra-tropics in the

control simulation and the response to climate change is too weak when compared

to the CMIP5 multi model ensemble mean;

• The negative precipitation issue in GREB could be addressed further to limit neg-

ative precipitation in arid areas;

• A dynamic, tropical or global, circulation model as part of the GREB model that

is capable of simulating circulation changes with climate change would allow to

study the interaction between precipitation (and evaporation) and circulation in

more detail. It would also allow the GREB model to react to changes (e.g. warmer

surface temperature) more dynamically, rather than having changes in the bound-

ary conditions (e.g. ωmean) prescribed.

• Advancing the Monash Simple Climate Model (Dommenget et al., 2019) to include

the new precipitation model and the climate change deconstruction.
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Appendix A

0

0

Figure A1: Precipitation (left column), evaporation (middle column) and circulation (right
column) in the annual mean (top row) and seasonal cycle (bottom row) in mm/day in a Taylor
diagram against observations from GPCP and ERA-Interim. Red colours indicate different
GREB parametrisations with 0 being the original and * the best parametrisation. Blue dots
are pi-Control CMIP5 models and the green cross indicates the ensemble mean of all CMIP5
models. * is the best model for the ERA-Interim boundary conditions and diamond uses the
NCEP boundary conditions. Blue dots are CMIP5 models and the green cross indicates the
ensemble mean of all CMIP5 models.
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Appendix B

Figure B1: Seasonal cycle (JJA-DJF) response of the specific humidity (a, d, g, j, m), relative
humidity (d, e, h, k, n) and water vapour transport (c, f, i, l, o) for the fully forced GREB
model (a-c), the single RCP8.5 forcings of surface temperature (d-f), evaporation (g-i), mean
circulation ωmean (j-l) and the daily circulation variability ωstd (m-o).The top right of each
plot shows the global mean value.
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Appendix C

Figure C1: Precipitation response decomposition in mm/day for the fully forced and the
single RCP8.5 forcings of surface temperature, evaporation, mean circulation and the daily
circulation variability for the CSIRO-Mk3.6.0 model. The right panel shows the mean values
for the southern hemisphere subtropics for each century.
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