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Abstract 12 

State-of-the-art climate change projections of the CMIP5 simulations suggest a fairly 13 

complex pattern of global precipitation changes, with regions of reduced and 14 

enhanced precipitation. Conceptual understanding of these projected precipitation 15 

changes is difficult if only based on coupled general circulation model (CGCM) 16 

simulations, due to the complexity of these models. In this study we describe a simple 17 

deconstruction of the ensemble mean CMIP5 projections based on sensitivity 18 

simulations with the globally resolved energy balance (GREB) model. In a series of 19 

sensitivity experiments we force the GREB model with four different CMIP5 ensemble 20 

mean changes in: surface temperature, evaporation and the vertical atmospheric 21 

velocities mean and its standard deviation. The resulting response in the precipitation 22 

of the GREB model is very close to the CMIP5 ensemble mean response, suggesting 23 

that the precipitation changes can be well represented by a linear combination of these 24 
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four forcings. The results further provide good insights into the drivers of precipitation 25 

change. The GREB model suggests that not one forcing alone can be seen as the 26 

main driver, but only the combination of all four changes results in the complex 27 

response pattern. However, the dominant forcings are the changes in the large-scale 28 

circulation, rather than the pure thermodynamic warming effect. Here, it is interesting 29 

to note that changes in high-frequency atmospheric variability of vertical air motion 30 

(weather), that are partly independent of the changes in the mean circulation, have a 31 

control on the pattern of the time-mean global precipitation changes. The approach 32 

presented here provides a powerful basis on which the hydrological cycles of CGCM 33 

simulations can be analysed. 34 

Key words: Climate Change, Precipitation, Hydrological Cycle, Simple Climate 35 

Model 36 

1. Introduction 37 

In his attempts to explain ice ages Arrhenius (1896) was the first to link variations in 38 

CO2 concentration to the greenhouse effect using basic physical considerations. 39 

Decades after him others followed using basic energy balance models to estimate the 40 

effect increasing levels of greenhouse gases have on the climate (Budyko 1972; North 41 

et al. 1981; Sellers 1969). Since the first numerical weather forecast by L.W. 42 

Richardson in the 1920 was produced by hand, the computational revolution helped 43 

develop simple energy balance models into fully complex coupled general circulation 44 

models (CGCMs) (Manabe and Stouffer 1980; Meehl et al. 2007; Meehl and Stocker 45 

2007). Since then the main aim of model development has been to improve the 46 

physical representation of the processes in the climate system by either including more 47 

processes that have not been considered before, or by increasing the resolution of 48 

models. These CGCMs simulate processes in the ocean, on land and in the 49 

atmosphere and are therefore focusing on the most realistic and best representation 50 

of the climate system as a whole. 51 

In recent decades increasing computer power has allowed these highly complex 52 

CGCMs to progressively increase their resolution and there is a strong interest in the 53 

research community to push the resolution of climate models to new boundaries (e.g. 54 

Haarsma et al. 2016; Marotzke et al. 2017). It has been shown that increasing the 55 
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model resolution addresses a lot of common problems seen in CGCMs (Haarsma et 56 

al. 2016), such as aspects of the large-scale circulation (Masson et al. 2012; Shaffrey 57 

et al. 2009), the global water cycle (Demory et al. 2014), movements of the Atlantic 58 

inter-tropical convergence zone (ITCZ) (Doi et al. 2012) and the diurnal precipitation 59 

cycle (Birch et al. 2014; Sato et al. 2009). While expanding the scope of climate 60 

models by adding more processes and increasing the resolution, several existing 61 

problems, such as substantial precipitation biases, remain unsolved. In addition, 62 

constantly increasing the resolution and complexity of climate models does not help 63 

to gain a more conceptual understanding of climate change, as multiple processes 64 

interact with each other (Dommenget and Floter 2011). 65 

Many aspects of climate change seen in complex CGCMs can be found in models with 66 

intermediate complexity such as CLIMBER-2 (Petoukhov et al. 1999), the UVic Earth 67 

system climate model (Weaver et al. 2001) or the simple atmosphere-ocean-sea-ice 68 

model developed by Wang and Myask (2000). In addition, idealised models such as 69 

the ω- and humidity-based model by Pendergrass and Gerber (2016) or the simple 70 

enhanced advection model by Chadwick et al. (2016) are capable of representing 71 

many aspects of the climate change response seen in complex CGCMs. Simplified 72 

climate models and energy balance considerations are capable of explaining the 73 

large-scale features of the climate system and climate change (e.g. Arctic amplification 74 

and land-sea contrast (Dommenget and Floter 2011; Izumi et al. 2015)).  75 

One topic in climate change that deserves urgent attention is the changing pattern of 76 

the hydrological cycle (Donat et al. 2016). Changes of rainfall have direct impacts on 77 

the environment and on human health (Dai 2011; Parry et al. 2004; Patz et al. 2005). 78 

Projections of how rainfall is changing are primarily based on CGCMs simulations of 79 

the Coupled Model Intercomparison Project version 5 (CMIP5) (Taylor et al. 2012) or 80 

earlier (i.e. CMIP3 (Meehl et al. 2007)). These simulations project an increase in global 81 

mean precipitation of roughly 2% per degree of warming (Held and Soden 2006). The 82 

2% change in precipitation comes in contrast to an increase in atmospheric water 83 

vapour of about 7% per degree of warming closely following the Clausius-Clapeyron 84 

equation. This muted response is explained by a general slowdown of the atmospheric 85 

circulation (Chadwick et al. 2013; Held and Soden 2006) and changes in radiative 86 

cooling (Allen and Ingram 2002; Pendergrass and Hartmann 2014). That is, as water 87 

vapor increases, the atmosphere cannot emit radiation at a large enough rate to 88 

support precipitation matching the rate of increase in water vapour (Stephens and Ellis 89 
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2008). Many studies have suggested that changes in radiative cooling dictate the 90 

global precipitation response and in turn control the global evaporation response, 91 

which on long time scales have to match. However, Webb et al. (2018) showed that 92 

increases in surface evaporation can have a substantial impact on radiative cooling 93 

itself. Richter and Xie (2008) looked at this muted response of precipitation from the 94 

perspective of evaporation and found that the evaporation response is mainly limited 95 

through increases in surface relative humidity and surface stability. This highlights the 96 

fact that precipitation and evaporation are closely linked and makes it a complex cycle 97 

to study. 98 

Although precipitation is increasing by 2% per degree of warming globally, this does 99 

not mean it is increasing at the same rate everywhere. Precipitation is generally 100 

projected to increase in the ITCZ, with a large-scale precipitation decline in the 101 

subtropics and an increase in precipitation in mid- to high- latitude storm tracks (Allen 102 

and Ingram 2002; Chou and Neelin 2004; He and Soden 2016; Held and Soden 2006; 103 

Neelin et al. 2006). This pattern change is often referred to as the ‘wet-get-wetter’ 104 

(Held and Soden 2006). The wet-get-wetter hypothesis is mainly built on the idea that 105 

a warmer atmosphere holds and therefore transports more moisture out of dry regions 106 

into wet regions if the circulation remains unchanged (Chadwick et al. 2013). The 107 

thermodynamic response would also lead to a high correlation between the mean, 108 

control precipitation and the change of precipitation with climate change. However, 109 

Chadwick et al. (2013) have shown that on regional scales the precipitation response 110 

is poorly correlated with pre-industrial precipitation, leaving the conclusion that the 111 

dynamics are changing. There has been an observed weakening of the Walker 112 

circulation (Vecchi et al. 2006), a weakening of the Hadley cells (Lu et al. 2007; Vecchi 113 

and Soden 2007), a poleward shift of storm tracks (Bengtsson et al. 2006; Mbengue 114 

and Schneider 2017; Yin 2005) and a shift in tropical convergence zones (Chadwick 115 

et al. 2013) has been shown in GCM projections.  116 

In this study we present a conceptual deconstruction of the CMIP5 ensemble mean 117 

precipitation changes, to better understand the climate change forcings that drive 118 

these changes. The forcings that control precipitation changes can be illustrated by a 119 

simplified sketch of the atmospheric water cycle (Fig. 1). Here an atmospheric volume 120 

contains a water reservoir (humidity) that is controlled by the in and out flow of water 121 

due to horizontal transport, evaporation and precipitation. Given this mass balance, 122 



 5 

precipitation changes result from changes in the humidity, horizontal transport, 123 

evaporation or in the processes that control precipitation. 124 

We will use the Globally Resolved Energy balance (GREB) model from Dommenget 125 

and Floter (2011) with the hydrological cycle model from Stassen et al. (2019) to 126 

investigate how the CMIP5 ensemble mean projected changes in the surface 127 

temperatures, atmospheric circulation and evaporation lead to the projected changes 128 

in precipitation. We will illustrate the feasibility of this approach and discuss how the 129 

individual elements of the changing climate contribute to the projected changes in 130 

precipitation. 131 

The following section will introduce the data, models and methods used. It will in 132 

particular discuss the GREB model and how we make use of it as an analysis tool. In 133 

section 3 the main results of this study will be presented. Finally, we give a discussion 134 

and summary of the results. 135 

2. Data and Methods 136 

This section provides an overview on the CMIP5 model data used. It further gives a 137 

short introduction to the GREB model, how it differs from other climate models (e.g. 138 

CGCMs) and discusses the hydrological cycle model in the GREB model, which is a 139 

key element for this study. We then explain the main analysis approach of this study: 140 

sensitivity studies with the GREB model forced by changes in the boundary conditions 141 

according to the CMIP5 RCP8.5.  142 

CMIP data 143 

The models of Coupled Model Intercomparison Project phase 5 (CMIP5) (Taylor et al. 144 

2012) used in this study are summarized in Tab.1. We used all available models of 145 

the pre-industrial and RCP8.5 scenario that provided the variables and time frequency 146 

needed for the analysis presented in this study. All datasets are re-gridded to a 147 

horizontal resolution of 3.75° x 3.75° to match the GREB model horizontal resolution 148 

and monthly climatologies are calculated. For the climatology of !!"#$ and !%&' a daily 149 

output frequency is used and an unweighted vertical mean over all levels is applied to 150 

smooth the data. The multi-model ensemble mean over all models in Tab.1 is 151 

calculated separately for the pre-industrial and RCP8.5 scenarios and the response is 152 

defined as the difference between RCP8.5 2070-2100 period and the pre-industrial 153 
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simulation. Models with more than one realization are considered by the average of 154 

all realizations (i.e. a model with one realisation and a model with many realisations 155 

are weighted equally in the multi model ensemble mean).  156 

GREB model 157 

The GREB model based on Dommenget and Floter (2011) and Stassen et al. (2019) 158 

is a three-layer (land, ice and ocean surface, atmosphere and subsurface ocean) 159 

global climate model on a 3.75° x 3.75° horizontal latitude-longitude grid. It has four 160 

main prognostic, tendency equations: surface temperature (Tsurf), atmospheric 161 

temperature and specific humidity, and subsurface ocean temperatures (not relevant 162 

for this study). The model simulates thermal (long-wave) and solar (short-wave) 163 

radiation, heat and moisture transport in the atmosphere by isotropic diffusion and 164 

advection with the mean winds, the hydrological cycle (evaporation, precipitation and 165 

moisture transport), a simple ice-snow albedo feedback and heat uptake in the 166 

subsurface ocean. The tendency equations of the model are solved with a time step 167 

of 12h. For the atmospheric transport equations, a shorter time step of 0.5 h is used. 168 

The input boundary conditions for the GREB model include the typical CGCM 169 

constraints, such as incoming sunlight, topography, land-sea mask, CO2 170 

concentrations, etc. In addition, wind, cloud cover and soil moisture fields are 171 

seasonally prescribed boundary conditions, and the tendency equation of surface 172 

temperature, deep ocean temperature and specific humidity are flux corrected towards 173 

reanalysis data. The flux corrections are calculated once and do not change in the 174 

control and sensitivity run. Additionally, surface temperature and evaporation in GREB 175 

can be forced into any mean state by prescribing them. This allows us to use the 176 

GREB model as an analysis tool, which will be a key element of this paper. 177 

Thus, the GREB model is conceptually very different from the CGCM simulations in 178 

the Coupled Model Intercomparison Project phase 5 (CMIP5), as atmospheric 179 

circulations, cloud cover and changes to soil moisture are not simulated but prescribed 180 

as external boundary conditions. Additionally, the GREB model has no internal 181 

variability, as atmospheric fluid dynamics (e.g. weather systems) are not explicitly 182 

simulated. Subsequently, the model will converge to its equilibrium points (all tendency 183 

equations converge to zero), for the boundary conditions in this study. The control 184 

climate or response to forcings can therefore be estimated from a single year. 185 
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In the control simulations the GREB model uses climatological fields for surface 186 

temperature, specific humidity, horizontal winds and vertical winds taken from the 187 

ERA-Interim reanalysis data from 1979 to 2015 (Dee et al. 2011). The cloud 188 

climatology is taken from the International Satellite Cloud Climatology Project (Rossow 189 

and Schiffer 1991). The ocean mixed layer depth is taken from Lorbacher et al. (2006). 190 

Topographic data are taken from the ECHAM5 atmosphere model Roeckner et al. 191 

(2003). The mean vertical velocity, !!"#$ and the daily variability, !%&', used in the 192 

GREB model are shown in Fig. 2 for the annual mean and the seasonal cycle. For 193 

more details, refer to Dommenget and Floter (2011) and Stassen et al. (2019). The 194 

performance of the GREB model in a number of different simulations and scenarios is 195 

discussed in Dommenget and Floter (2011) and Dommenget et al. (2019). 196 

Hydrological cycle model 197 

The hydrological cycle in GREB (Stassen et al. 2019) consists of three models 198 

calculating precipitation, evaporation and circulation of water vapour in the 199 

atmosphere. Soil moisture is a seasonally varying prescribed boundary condition. 200 

Precipitation, Δ#()"*+(, is diagnosed in the model based on four environmental factors: 201 

the actual simulated specific humidity, #, the relative humidity, $#, calculated as ratio 202 

using the saturation specific humidity as function of temperature and scaled by 203 

topographic height (Dommenget and Floter 2011), in the GREB model and the 204 

prescribed boundary condition of !!"#$ and !%&'.  205 

 206 

Δ#()"*+( = $()"*+( ⋅ # ⋅ '(, + (), ⋅ $# + (- ⋅ !!"#$ + (-%&' ⋅ !%&'*   [1] 207 

 208 

The model parameters, $()"*+(, (,, (),, (- and (-%&' were fitted to minimise the root 209 

mean square error between observations and the GREB simulated precipitation (see 210 

Tab. 2 for the values). According to this model precipitation is proportional to the 211 

atmospheric moisture (#) and it is stronger for larger relative humidity ($#), mean 212 

upward atmospheric motion (!!"#$) and for larger variability in the upward 213 

atmospheric motion (!%&'). It needs to be considered here that the precursors for 214 

precipitation are in general not dynamically independent (i.e. relative humidity and  215 

!!"#$ are correlated Singh et al. (2019)). Further, this model does parameterise 216 

precipitation in a climate model without weather fluctuations, that are typically 217 



 8 

simulated within CGCMs. Thus, these parameterisations do capture the effect of 218 

weather fluctuations indirectly, in particular the last term (!%&') is a representation of 219 

weather fluctuations. 220 

The GREB model simulated precipitation and its seasonal cycle for control conditions 221 

are shown in Fig. 2 a and b. The precipitation annual mean and seasonal cycle of this 222 

model is actually closer to the observed than most CMIP5 simulations (Stassen et al., 223 

2019). This good performance relative to CMIP5 models indicates that precipitation is 224 

primarily a result of the environmental factors controlling it. Since CMIP5 models do 225 

have significant biases in each of these environmental controlling factors, in particular 226 

in the mean vertical circulation, the resulting precipitation simulation of these models 227 

is biased too. 228 

Evaporation uses a refined Bulk formula considering differences in the sensitivity to 229 

winds between land and oceans and an estimate of wind magnitudes. 230 

 231 

Δ#".# =	$,.+/.01 ⋅ ,#+) ⋅ (".# ⋅ (/ ⋅ |.∗ + (&3)4| ⋅ ϑ5678 ⋅ (# − #%#&0%9+$)    [2] 232 

 233 

The constant (".# modifies the evaporation efficiency for a given mean wind speed, 234 

.∗, and #%#&0%9+$ considers an increased surface temperature to mimic the skin 235 

temperature. It reflects that the GREB model does not simulate the daily cycle of 236 

surface temperature. The parameters (".# and (&3)4 were fitted against observations 237 

for ocean and land points individually to minimise the RMSE (Stassen et al. 2019).  238 

Moisture transport, #*)*:, can be split into two separate terms, a transport with mean 239 

winds against a gradient in moisture u ⋅ ∇	q66666666, and a convergence or divergence of 240 

moisture transport 	q∇ ⋅ u6666666. Moisture convergence, as it occurs for example in the ITCZ, 241 

plays the dominant role in large-scale moisture transport. In the GREB model it is 242 

approximated by knowing the vertical air flow, assuming continuity and hydrostatic 243 

balance: 244 

 245 

#∇ ⋅ 	u66666666 ≈ # ⋅ 8 ⋅ '&!"!#
;$%&'("⋅=%)"⋅>

⋅ !!"#$      [3] 246 

 247 

With the known parameters of water vapour scaling height, 9.#(?3), density of air, ,#+), 248 

gravitational acceleration, :, and the circulation time step, ;<*)*:. The scaling factor, 249 

8 = 2.5, may be influenced by the coarse horizontal resolution and the single layer 250 
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approximation of the GREB model (Stassen et al. 2019). There is no convergence or 251 

divergence for the temperature equation in the GREB model and therefore no direct 252 

influence of !!"#$ on the temperature. Indirectly the temperature can be influenced 253 

by !!"#$ through changes in moisture content and latent heating caused by 254 

precipitation. 255 

GREB sensitivity experiments 256 

The main analysis part of this study is based on a series of sensitivity experiments 257 

with the GREB model. For these experiments we use the ability of the GREB model 258 

to respond to changes in the boundary conditions and to control the mean Tsurf. For 259 

the study of the precipitation response to changes in environmental factors (eq. [1]) 260 

the key controlling factors are the boundary conditions of !!"#$, !%&', and the model 261 

variables # and $#. 262 

If the precipitation is free to respond, then # and $# are largely controlled by the 263 

evaporation (Δ#".#; eq. [2]) and the atmospheric temperatures. The latter is strongly 264 

linked to Tsurf. Thus, to study the precipitation response to changes in environmental 265 

factors, the GREB model can be driven by changes in !!"#$, !%&', Δ#".# and Tsurf. 266 

The model will respond to these changes in boundary conditions by simulated changes 267 

in the atmospheric temperature, humidity and subsequently the relative humidity. 268 

These changes will then lead to changes in precipitation following from eq. [1]. The 269 

annual mean values and the seasonal cycle of the key drivers, !!"#$, !%&' and Δ#".# 270 

are shown in Fig. 2 and the control precipitation is shown in Figs. 2 a and b.  271 

For the control simulations the GREB model is run with observed boundary conditions, 272 

as described above, and # and Tsurf are free to evolve. For the sensitivity experiments 273 

we add the anomaly values of !!"#$, !%&', Δ#".# and Tsurf from the CMIP5 RCP8.5 274 

ensemble mean to each of the control forcings for one or all boundary conditions while 275 

the remaining boundary conditions are kept at control values. Thus, in these sensitivity 276 

experiments Δ#".# and Tsurf are not free to evolve but are prescribed by the CMIP5 277 

RCP8.5 ensemble mean values. Atmospheric temperatures, humidity and 278 

precipitation are free to respond. Because the surface temperature is prescribed the 279 

GREB model is not very sensitive to the actual CO2 concentration. The difference 280 

between control and sensitivity simulations are defined as the response to the CMIP5 281 

RCP8.5 ensemble mean forcings. 282 
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3. Precipitation Response to Climate Change Deconstruction 283 

In this section we discuss the large-scale response of precipitation to changes in Tsurf, 284 

Δ#".# , !!"#$ and !%&' in the ensemble mean CMIP5 RCP8.5 based on the GREB 285 

sensitivity experiments (see section above). We start the discussion with illustrating 286 

the concept and then focus on how each of the four forcings contribute to the change 287 

in precipitation. 288 

Fig. 3 shows annual mean and seasonal cycle of the four different forcings for the 289 

ensemble mean CMIP5 RCP8.5 changes. Tsurf shows the well-known pattern of 290 

stronger warming over land, high latitudes and during winter time. Evaporation is 291 

mostly increasing over oceans and has some locations with significant decrease. The 292 

seasonal signature of the evaporation changes is fairly complex, but are somewhat 293 

marked by reduced increase in evaporation during summer time.  294 

Changes !!"#$ in are marked by strong increase in upward motion over the central 295 

and eastern equatorial Pacific together with a fairly complex seasonal cycle change. 296 

For the tropical and subtropical regions outside the tropical Pacific regions the 297 

changes in !!"#$ are mostly a weakening of the mean state (e.g. increase in !!"#$ 298 

where !!"#$ is negative and decrease in !!"#$ where !!"#$ is positive). However, 299 

overall the changes in !!"#$ do not project strongly on the control mean state (see 300 

Tab. 3). 301 

!%&' strongly increases in the equatorial Pacific, mostly decreases in the subtropics 302 

and increases in the Southern Ocean. The seasonal cycle changes are similar in both 303 

hemispheres with increased variability in the subtropics and decreased variability in 304 

the mid-latitudes in summer relative to winter. It is important to note here, that the 305 

regional difference in change of !%&' do not match the changes in !!"#$ outside the 306 

tropical Pacific area.  307 

The GREB model response of the precipitation to these four forcings is shown in Fig. 308 

4 for the annual mean and the seasonal cycle. It compares very well with the ensemble 309 

mean CMIP5 response (Fig. 4a and e). The pattern correlation and amplitude of the 310 

annual mean and seasonal cycle of the GREB model is closer to the ensemble mean 311 

CMIP5 response than most CMIP5 models, indicating that the GREB model is 312 

representing the precipitation response in the CMIP5 ensemble well (Fig. 5). It further 313 

suggests that the ensemble mean CMIP5 precipitation response can be well 314 

understood in the context of the GREB model (eq. [1]) forced by the changes in the 315 
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four environmental variables (Tsurf, Δ#".# , !!"#$ and !%&'). In the next steps we will 316 

force the GREB model with only one environmental variable at a time, while keeping 317 

the others at control values. This will illustrate how each of the four forcings contribute 318 

to the precipitation changes. We will finish this section with a discussion of the relative 319 

role of each of the four forcings. 320 

 321 

Surface temperature changes 322 

We start with the Tsurf forcing, as it is the most robust forcing of climate change (Fig. 323 

3a and b). Given that evaporation is kept at control values, the global mean 324 

precipitation cannot change, as it is in direct balance with evaporation at the global 325 

scale. However, it can have regional changes. In the GREB model the increase in Tsurf 326 

leads to an enhanced annual mean precipitation in the ITCZ and mid- to high latitudes 327 

and decreases precipitation in the subtropical dry zones in the annual mean (Fig. 6a). 328 

The annual mean response pattern compares well to the annual mean control 329 

precipitation in GREB (Fig. 2a) and has a correlation of 0.62 (Tab. 5). It thus fits 330 

moderately well with the concept of the wet-get-wetter. 331 

The increased Tsurf leads to an increase in atmospheric temperature (not shown), 332 

which initially, while the atmospheric humidity has not responded yet, leads to a 333 

strongly decreased relative humidity in the atmosphere. This in turn initially reduces 334 

the precipitation (see eq. [1]). Given the unchanged evaporation, the atmospheric 335 

humidity will start to increase until a new equilibrium between precipitation and 336 

evaporation is reached. This new equilibrium is at higher atmospheric humidity (Fig. 337 

7d, but lower relative humidity (Fig. 7e). The latter changes reflect the now more 338 

effective precipitations terms in eq. [1], as they are all proportional to the atmospheric 339 

humidity (q), see Figs. 8d, e, f. 340 

The increase in atmospheric humidity, increases the atmospheric moisture transport 341 

(Fig. 7f), as the moisture transport is directly proportional to the atmospheric humidity 342 

(eq. [3]). The pattern of the changes in moisture transport is identical to the overall 343 

changes in precipitation (compare Fig. 6a with 7f) with a correlation of 1.0 (Tab. 5). 344 

This is by construction the case, as evaporation is unchanged and any change in 345 

precipitation has then to come from changes in moisture transport. Thus, the 346 

precipitation changes due to Tsurf forcing lead to enhanced moisture transport that 347 
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enhance precipitation in moisture convergence zones and reduces precipitation in 348 

regions with diverging moisture transport. 349 

The same arguments hold for the changes in the seasonal cycle of precipitation. The 350 

response pattern shows an amplification of the control precipitation (compare Fig. 2b 351 

and Fig. 6b). Specific humidity increases more in winter than in summer (appendix 352 

Fig. S1a) and this amplification of the seasonal cycle of specific humidity leads to an 353 

enhanced seasonal transport (Fig. S1c). The enhanced seasonal transport of 354 

moisture supplies the enhanced seasonal precipitation.  355 

Evaporation changes 356 

On the global scale, changes in precipitation must equate to changes in evaporation, 357 

to maintain the atmospheric moisture mass balance. Therefore, precipitation changes 358 

cannot in principle be separated from evaporation changes in the GREB model. Here, 359 

it is interesting to note that the overall global pattern of precipitation (Fig. 4a) and 360 

evaporation changes (Fig. 3c) are fairly dissimilar (r=0.13, Tab. 4) despite the global 361 

constraint that the two have to be the same. This indicates, that the processes that 362 

control precipitation and evaporation on the local scale are fairly different. It is 363 

therefore useful to consider evaporation changes as a forcing for the precipitation on 364 

regional scales. 365 

In the GREB model simulations the evaporation forcing, with all other forcings 366 

unchanged, leads to a global increase in annual mean precipitation with the largest 367 

increase in the tropics and sub-tropics (Fig. 6c). Only a few regions (e.g. Greenland) 368 

experience a decrease in annual mean precipitation. The response pattern is very 369 

similar to the evaporation pattern (r=0.82, see Tab. 4). Thus. the response in 370 

precipitation appears to be a direct local response to the evaporation forcing over 371 

oceans. Over land this direct relationship is weaker. 372 

Since atmospheric temperature is not changing, the atmosphere cannot take up more 373 

moisture (Figs. 7g and 7h), therefore any increase in evaporation has to immediately 374 

precipitate locally. This is further supported by the moisture terms of the precipitation 375 

parameterisation (eq. [1]), which are sensitive to increases in moisture and is the main 376 

driver of the precipitation response (Fig. 8g), whereas the other two terms contribute 377 

little. As the water vapour in the atmosphere does not increase much, relative humidity 378 

is changing only marginally in the tropics and subtropics. The seasonal cycle changes 379 

of precipitation follow the same arguments.  380 
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While the global pattern of evaporation changes has very little relation to the global 381 

pattern of precipitation changes in the fully forced GREB model (r=0.13, Tab. 4), the 382 

global mean evaporation changes do control the global mean precipitation changes 383 

(or vice versa). Here it is remarkable that the overall evaporation changes (Fig. 3c) 384 

are only about 2% per degree global warming. This is much less than the 7% per 385 

degree global warming expected from the simple thermodynamic Clausius–Clapeyron 386 

relation, assuming eq. [2] with no circulation changes and unchanged atmospheric 387 

relative humidity. Thus, the evaporation changes appear to be strongly affected by 388 

dynamical changes in the atmospheric circulation. See also discussion in Richter and 389 

Xie (2008). 390 

Mean vertical velocity changes 391 

Mean vertical velocity (!!"#$) in GREB has two main effects. It affects precipitation 392 

directly through the parameterisation (eq. [1]) and indirectly through the transport of 393 

moisture (eq. [3]) which in turn plays a role in the precipitation parameterisation 394 

through specific and relative humidity. The forced annual mean CMIP5 RCP8.5 395 

change in the !!"#$ boundary condition shows a strong increase in the tropical Pacific 396 

ascending motion and a general weakening of the subtropical descending motion (Fig. 397 

3e). However, the Maritime Continent shows weaker ascent compared to control.  398 

The precipitation response pattern in GREB (Figs. 6e and f) compares well to the 399 

pattern in the !!"#$ change (Figs. 3e and f; r=-0.86 see Tab. 4), indicating that the 400 

precipitation changes are a direct response to the circulation changes. This is reflected 401 

in the precipitation terms, A$B(CA!?+%&3)" = $()"*+( ⋅ # ⋅ '(, + (), ⋅ $#*, A$B(CA-!"#$ = 402 

$()"*+( ⋅ # ⋅ (- ⋅ !!"#$, A$B(CA-%&' = $()"*+( ⋅ # ⋅ (-%&' ⋅ !%&'  (Figs. 8j, k, l), which only 403 

show changes in the A$B(CA-!"#$ term and little changes in the other two terms. It is 404 

also illustrated by the small changes in humidity and relative humidity (Fig. 7j and k) 405 

and the clear changes in moisture transport (Fig. 7l). As in the previous sensitivity 406 

experiment the surface temperature is forced to stay at control values allowing the 407 

atmosphere not to take up much more moisture before reaching saturation and 408 

therefore keeping humidity nearly unchanged. Thus, the precipitation changes are the 409 

combined effect of changes in A$B(CA-!"#$ term of eq. [1] and the changes in moisture 410 

transport that both work in the same direction. 411 

 412 
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Vertical velocity variability 413 

The !%&' boundary condition affects precipitation directly through eq. [1]. The 414 

precipitation response in GREB to this sensitivity experiments roughly matches the 415 

external boundary forcing of !%&' (compare Figs. 3g and 6g) with a correlation 416 

coefficient of 0.68 (Tab. 4). There is an increase in annual mean precipitation in the 417 

tropical Pacific, generally decreasing precipitation in the subtropics and small to no 418 

changes in higher latitudes, especially in the southern hemisphere.  419 

Although !%&' only acts through the precipitation parameterisation it has a strong effect 420 

on specific humidity (Fig. 7m) and water vapour circulation (Fig. 7o). A decrease of 421 

!%&' leads to a decrease in precipitation in these areas. Since evaporation is at control 422 

values and precipitation decreased, moisture will accumulate and humidity increases. 423 

The opposite holds for the tropical Pacific where an increase in vertical velocity 424 

variability leads to more precipitation and depletes moisture. The general increase in 425 

specific humidity increases the moisture terms of the precipitation equation (eq. [1]; 426 

Fig. 8m) and affects the moisture circulation (eq. [3]) which counteracts the 427 

accumulation of moisture and transports moisture from the subtropics into the tropical 428 

Pacific (Fig. 7o). This change in moisture transport then supplies the water vapour 429 

needed to keep up the changes in precipitation.  430 

Superposition 431 

All four sensitivity experiments described above (Tsurf, evaporation,	!!"#$ and !%&') 432 

are added together in a linear superposition to evaluate if they sum up to the fully 433 

forced GREB model precipitation response in the annual mean and the seasonal cycle 434 

(Figs. 4e and 4f). The superposition is close to the fully forced GREB model 435 

precipitation response and to the CMIP5 response in both the annual mean and 436 

seasonal cycle patterns (Fig. 5), suggesting that we can think of the precipitation 437 

response as a linear combined effect of the four individual forcings. This is somewhat 438 

surprising, considering the non-linear nature of precipitation processes. 439 

It is further remarkable that none of the four individual forcings dominate the total 440 

precipitation response (Fig. 5). The total precipitation is indeed a clear combination of 441 

all four forcings. The annual and seasonal cycle precipitation response is most strongly 442 

related to the changes in 	!!"#$, indicating that atmospheric circulation changes are 443 

the main drivers of the precipitation changes. The thermodynamic warming effect 444 
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(Tsurf) has a somewhat weaker contribution to the total precipitation changes, 445 

suggesting that the thermodynamic, wet-get-wetter, processes are less important than 446 

dynamical changes. 447 

Changes in the evaporation patterns are less correlated with the patterns of 448 

precipitation changes (Fig. 5), but they do control the global mean precipitation 449 

changes (which are not evaluated by Fig. 5), as the global moisture mass balance is 450 

a direct balance between total precipitation and evaporation. Thus, the processes of 451 

evaporation changes are essential for understanding the precipitation changes. 452 

An alternative and simplified presentation of the combined precipitation and 453 

evaporation changes is the zonal mean precipitation minus evaporation (p-e) changes, 454 

which gives a good presentation of the large-scale changes (Fig. 9). The main 455 

changes in the zonally averaged CMIP5 ensemble can be described by the wet-get-456 

wetter idea: increase in p-e near the wet equator, decrease in the dry subtropics and 457 

increase in the wet higher latitudes. This main signature is captured by both the GREB 458 

model with all forcings and by the superposition of the GREB model forced with 459 

individual forcings. However, the GREB model does overestimate the equatorial 460 

response and does underestimate the higher latitudes response, which might be 461 

related to a too weak poleward transport in the GREB model. 462 

When we look at how each of the individual forcings contribute to this zonal p-e 463 

pattern, it is interesting to note that all four elements contribute to it. Most similar to 464 

the overall structure, though, comes from !%&', indicating that changes in the 465 

atmospheric variability contribute to this p-e pattern. However, GREB does have some 466 

limitations when compared to the CMIP5 ensemble mean response. GREB is too wet 467 

in the ITCZ and the decrease of precipitation in the subtropics is too weak (Fig. 9). In 468 

the mid- to high-latitudes on both hemispheres GREB does not capture the drying that 469 

can be seen in CMIP5. 470 

4. Summary and discussion 471 

In this study we used the simple climate model GREB to decompose the CMIP5 472 

simulations response of precipitation to climate change. The simplicity of the GREB 473 

model allows us to force single aspects of the climate system to change according to 474 

the CMIP5 ensemble mean response while other aspects remain at control values. 475 
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We presented the precipitation changes as the result of four different forcings: surface 476 

temperature, evaporation, mean circulation and circulation variability changes. The 477 

four different forcings of precipitation changes add almost linearly in the GREB model, 478 

while still giving a good representation of the changes in the CMIP simulations. This 479 

suggests that the CMIP precipitation changes can, to a large part, be considered as 480 

linear superposition of these four forcings. The effect of each of the four forcings is 481 

illustrated in the sketch of Fig. 10. The main findings of each of the four forcings can 482 

be summarised as follows: 483 

 484 

Surface temperature: The increase in surface temperature, with the directly 485 

associated increase in atmospheric temperature, results in an increase in atmospheric 486 

humidity (Fig. 10a). This intensifies the atmospheric transport of humidity, which 487 

increases precipitation in convergence zones and decreases precipitation in 488 

divergence regions. This is the wet-get-wetter principle. In this direct effect of 489 

atmospheric warming, the surface warming pattern has little to no effect on the pattern 490 

of precipitation changes, as the latter is primarily a reflection of the mean atmospheric 491 

circulation state. However, in reality the surface warming pattern does have an 492 

important control on the atmospheric circulation changes, which do affect precipitation 493 

changes more strongly than the direct warming effect. Further the atmospheric 494 

circulation changes induced by the warming pattern do also affect the evaporation 495 

changes (Richter and Xie 2008). 496 

Evaporation: In the absence of any other changes, an increase in evaporation leads 497 

to a direct local increase in precipitation (Fig. 10b). However, the more important 498 

control of evaporation is on the global scale, as global precipitation is directly balanced 499 

by global evaporation changes. Here is it interesting to note that global evaporation is 500 

only increasing by about 2% per degree global warming, exactly balancing the global 501 

precipitation changes by construction. This is in contrast to the +7% per degree global 502 

warming that would be expected from the evaporation bulk formula eq. [2], if there are 503 

no circulation and no relative humidity changes. This is also what the GREB model 504 

would simulate in response to CO2 or surface warming forcing if no circulation changes 505 

are imposed (not shown; see also Stassen et al. 2019). While precipitation and 506 

evaporation are balanced on a global scale, it is unclear which of the two processes 507 

is forcing the muted 2% increase per degree global warming. The differences in the 508 

evaporation and precipitation patterns in both the mean state and the changes suggest 509 
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that the processes controlling them are different. The strong impact of circulation and 510 

relative humidity changes on the evaporation (Richter and Xie 2008) therefore suggest 511 

that studying the processes that control evaporation changes could be essential for 512 

understanding precipitation pattern changes. Future studies, using the GREB model 513 

or otherwise, need to focus on the conceptual understanding of the processes that 514 

control future evaporation changes. 515 

Mean circulation: Changes in the mean circulation affect the precipitation in two 516 

ways: they change the atmospheric transport of the humidity (Fig. 10c) and they 517 

change the precipitation directly by the parameterisation eq. [1]. Both combine to 518 

increase (decrease) precipitation in regions with increased convergence (divergence). 519 

The change in mean circulation is the single most important direct effect of the four 520 

forcings. This is consistent with previous studies using GCM data, which have 521 

emphasised the importance of dynamic rather than thermodynamic drivers of 522 

precipitation change at regional scales (Chadwick et al. 2013; Kent et al. 2015; Muller 523 

and O'Gorman 2011; Seager et al. 2010). Circulation changes also affect precipitation 524 

changes indirectly by affecting the evaporation changes, which further increases the 525 

importance of atmospheric circulation changes.  526 

Circulation variability: In the GREB model the effect of weather variability on 527 

precipitation is parameterised in eq. [1] by !%&'. A decrease (increase) in !%&' directly 528 

decrease (increases) precipitation. In the absence of any other changes (e.g. no 529 

evaporation changes) it does increase (decrease) the atmospheric humidity and 530 

subsequently increase (decrease) the atmospheric moisture transport (Fig. 10d). In 531 

the context of time-mean precipitation changes this effect has not been discussed 532 

much in the literature, although Vecchi and Soden (2007) discussed a reduction in the 533 

daily omega variability in the context of the weakening of the tropical circulation. 534 

Pendergrass and Gerber (2016) also found a decrease of standard deviation of the 535 

daily vertical velocity distribution. Weller et al. (2019) found that the !%&' response 536 

might be related to a decrease in low-level convergence lines. Further, the study of 537 

Richter and Xie (2008) suggests that in reality the !%&' will also affect the evaporation. 538 

In particular, the reduction of !%&' in the subtropical ocean regions (Fig. 3g) has a high 539 

potential of affecting evaporation, as it is the region where evaporation is strongest 540 

(Fig. 2c). This suggest that studying changes in high-frequency (weather) variability 541 

may be important to understand large-scale precipitation and evaporation changes. 542 
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 543 

A combined effect of the warming (Tsurf) and changes in the weather variability (!%&') 544 

is that the relative importance of the different precipitation terms in eq. [1] are changing 545 

(see Fig. 8a-c). This suggests that the importance of the steady, thermodynamic, 546 

precipitation is decreasing (Fig. 8a), while the importance of precipitation associated 547 

with weather variability is increasing (Fig. 8c). Thus, the nature of precipitation is 548 

changing globally (e.g. extreme precipitation increases by 7%/K (Ban et al. 2015; 549 

Muller et al. 2011) while mean precipitation is radiatively constrained (i.e. Allen and 550 

Ingram (2002)).  551 

The focus of this study was the conceptual understanding of projected precipitation 552 

changes. However, this study also introduced a new approach of analysing 553 

precipitation changes by using the GREB model as a diagnostic tool. The study has 554 

shown that this approach is indeed capable of analysing the projected precipitation 555 

change of the CMIP model with a focus on understanding the processes forcing these 556 

changes. This approach can also be used to understand problems in the CMIP model 557 

simulations to simulate the mean climate or to understand the diversity in the future 558 

CMIP projections of the hydrological cycle changes. 559 
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Tables 724 

Table 1: List of CMIP5 models. 725 

 726 

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 
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Table 2: List of constants. 727 

  728 

Variable Dimension Description 

(, 						= −1.88 unitless  constant Precipitation parameter for spec. humidity 

(), 				= 				2.25 unitless  constant Precipitation parameter for rel. humidity 

(- 					= −17.69 5
@AB	  constant Precipitation parameter for !!"#$ 

(-%&' = 				59.07 5
@AB  

constant Precipitation parameter for !%&' 	 

$()"*+( = − C.1
EF ℎ  constant Mean lifetime of water vapour 

(".# , 	(/  constant Evaporation efficiency 

(&3)4  constant Turbulent wind offset for evaporation 

#%#&0%9+$  x, y, t Saturation pressure 

$,.+/.  constant 
Regression between atmospheric humidity and 

vertically integrated water vapour 

K%3)G  x, y, t Surface temperature 

.∗  x, y, t Absolute wind climatology 

9.#(?3)  constant Scaling height of water vapour 

ϑ5678  x, y, t Surface wetness fraction 

,#+)  constant Density of air 

!!"#$  x, y, t Mean vertical velocity in pressure coordinates 

!%&'  x, y, t Standard deviation of vertical wind climatology 

;<*)*:  constant Model integration time step for circulation 

8 = 2.5 unitless  constant Convergence scaling parameter 

:  constant Gravitational acceleration 

#  x, y, t Atmospheric humidity 

u  x, y, t Horizontal wind climatology 

Δ#".#  x, y, t Mass flux for the atmospheric humidity by evaporation 

Δ#()"*+(  x, y, t Mass flux for the atmospheric humidity by precipitation 
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Table 3: Correlation coefficient between precipitation and vertical velocity omega (mean and daily variability) for 729 
control and the climate change response. 730 

 Precip (control) Omega (control) Omega variability (control) 

Change precip (full) 0.46 -0.26 -0.09 

Change omega 0.16 -0.16 0.21 

Change omega 

variability 
-0.17 -0.01 -0.11 

 731 
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Table 4: Correlation between the external boundary forcings and the precipitation response of the sensitivity experiments. 732 

733  
Change 

evaporation 

Change 

omega 

Change 

omega 

variability 

Change precip 

(!!"#$) 
Change precip 

(evaporation) 

Change precip 

(") 

Change precip 

(	" variability) 

Change precip 

(full) 
0.13 -0.58 0.45 0.58 0.38 0.75 0.73 

Change 

evaporation 
 0.07 -0.24 -0.08 0.82 0 -0.16 

Change omega   -0.46 0.02 0.08 -0.86 -0.49 

Change omega 

variability 
   0.05 -0.27 0.5 0.68 

Change precip 

(!!"#$)  
    0.19 0.07 0.19 

Change precip 

(evaporation) 
     0.07 -0.02 

Change precip 

(") 
      0.56 
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Table 5: Correlation between control and climate change response for the four sensitivity experiments and the 734 
change in water vapour circulation. 735 

  736 

 Precip (control) 
Omega 

(control) 

Omega variability 

(control) 

Change water vapour 

transport 

Change precip 

(tsurf) 
0.62 -0.61 0.21 1 

Change precip 

(evaporation) 
0.51 -0.17 -0.15 -0.22 

Change precip 

(omega) 
-0.03 0.18 -0.24 1 

Change precip 

(omega 

variability) 

0.18 -0.10 -0.08 1 
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List of figures 737 

Figure 1: GREB simplified hydrological cycle. Precipitation and evaporation do not 738 

have to be balanced locally. 739 

Figure 2: GREB control annual mean and seasonal cycle (JJA-DJF) precipitation (a, 740 

b), mean evaporation (c, d), mean vertical wind (e, f) and daily variability of vertical 741 

wind (g, h). The annual mean is shown on the left (a, c, e, g) and the seasonal cycle 742 

is on the right (b, d, f, h). 743 

Figure 3: CMIP5 RCP8.5 ensemble mean external boundary forcings for the GREB 744 

model of surface temperature (a, b), evaporation (c, d), mean vertical winds (e, f) and 745 

the daily variability of vertical winds (g, h). The annual mean is shown on the left (a, c, 746 

e, g) and the seasonal cycle (JJA-DJF) is on the right (b, d, f, h). Colours of the 747 

boundary forcings for evaporation, mean vertical winds and daily variability of omega 748 

have been chosen to align with the corresponding precipitation response (e.g. blue 749 

corresponds to an increase). 750 

Figure 4: Precipitation response to an RCP8.5 forcing in the CMIP5 ensemble mean 751 

(a, b), in the GREB model with all (surface temperature, evaporation, mean- and daily 752 

variability of vertical winds) forcings turned on (c, d) and the linear superposition of the 753 

single forcings (e, f). The annual mean is shown on the left (a, c, e) and the seasonal 754 

cycle (JJA-DJF) on the right (b, d, f). 755 

Figure 5: Taylor diagram of the RCP8.5 precipitation response of CMIP5 mod- els 756 

(blue), the GREB model with all (surface temperature, evaporation, mean- and daily 757 

variability of vertical winds) forcings turned on (⋆) and the linear superposition of the 758 

single forcings (⋄) against the CMIP5 ensemble mean (⋆). The GREB model with single 759 

forcings of surface temperature (t), evaporation (e), mean vertical winds (#) and daily 760 

variability of vertical winds (Ω) are also shown. The annual mean is shown on the left 761 

and the seasonal cycle (JJA-DJF) on the right. Some CMIP5 models are off the scale 762 

and indicated with a blue arrow and a number showing their standard deviation. 763 

Evaporation response is uncorrelated to the precipitation response but is the only 764 

process controlling the global mean change. 765 
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Figure 6: Precipitation response decomposition for the single RCP8.5 forcings of 766 

surface temperature (a, b), evaporation (c, d), mean circulation # (e, f) and the daily 767 

circulation variability #!"# (g, h). The annual mean is shown on the left (a, c, e, g) and 768 

the seasonal cycle (JJA-DJF) on the right (b, d, f, h). The top right of each plot shows 769 

the global mean value. 770 

Figure 7: Annual mean response of the specific humidity (a, d, g, j, m), relative 771 

humidity (d, e, h, k, n) and water vapour transport (c,f,i,l,o) for the fully forced GREB 772 

model (a-c), the single RCP8.5 forcings of surface temperature (d-f), evaporation (g-773 

i), mean circulation # (j-l) and the daily circulation variability #!"# (m-o). The top right 774 

of each plot shows the global mean value. 775 

Figure 8: Annual mean response of the GREB model precipitation terms: moisture 776 

terms (%&'()%$ + %&'()%%$) (a, d, g, j, m), %&'()%& (b, e, h, k, n) and %&'()%&!"# (c, f, i, 777 

l, o) for the fully forced GREB model (a-c), the single RCP8.5 forcings of surface 778 

temperature (d-f), evaporation (g-i), mean circulation # (j-l) and the daily circulation 779 

variability #!"# (m-o). The top right of each plot shows the global mean value. 780 

Figure 9: Annual and zonal mean precipitation minus evaporation response for the 781 

CMIP5 RCP8.5 ensemble mean (black solid), the GREB model with all (surface 782 

temperature, evaporation, mean- and daily variability of vertical winds) forcings turned 783 

on (black dashed), the single forcing of surface temperature (red), evaporation 784 

(green), mean circulation (yellow) and circulation variability (purple) and the linear 785 

superposition of the single forcings (black circles). The x-axis is weighted by the cosine 786 

of latitude. 787 

Figure 10: Schematic illustration of how changes in the four boundary condi- tions 788 

affect precipitation. Dashed cubes and arrows mark the control state values. Orange 789 

cubes and arrows mark changes directly forced by change in the boundary conditions. 790 

Blue cubes and arrows are resulting changes due to the response of the climate 791 

system to the forcings (orange).Panel (d) only illustrates the forced changes in 792 

precipitation (orange), but not the resulting changes (blue), as they depend on the 793 

mean circulation. 794 
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Figure S1: Seasonal cycle (JJA-DJF) response of the specific humidity (a, d, g, j, m), 795 

relative humidity (d, e, h, k, n) and water vapour transport (c, f, i, l, o) for the fully forced 796 

GREB model (a-c), the single RCP8.5 forcings of surface temperature (d-f), 797 

evaporation (g-i), mean circulation # (j-l) and the daily circulation variability #!"# (m-798 

o). The top right of each plot shows the global mean value. 799 



Figure 1: GREB simplified hydrological cycle. Precipitation and evaporation do

not have to be balanced locally.
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Figure 2: GREB control annual mean and seasonal cycle (JJA-DJF) precipita-

tion (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).
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Figure 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). Colours of the boundary forcings for evaporation, mean vertical winds

and daily variability of omega have been chosen to align with the corresponding

precipitation response (e.g. blue corresponds to an increase)
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Figure 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).
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Figure 5: Taylor diagram of the RCP8.5 precipitation response of CMIP5 mod-

els (blue), the GREB model with all (surface temperature, evaporation, mean- and

daily variability of vertical winds) forcings turned on (?) and the linear superposi-

tion of the single forcings (⌥) against the CMIP5 ensemble mean (?). The GREB

model with single forcings of surface temperature (t), evaporation (e), mean ver-

tical winds (!) and daily variability of vertical winds (⌦) are also shown. The

annual mean is shown on the left and the seasonal cycle (JJA-DJF) on the right.

Some CMIP5 models are o↵ the scale and indicated with a blue arrow and a num-

ber showing their standard deviation. Evaporation response is uncorrelated to the

precipitation response but is the only process controlling the global mean change.
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Figure 6: Precipitation response decomposition for the single RCP8.5 forcings of

surface temperature (a, b), evaporation (c, d), mean circulation ! (e, f) and the

daily circulation variability !std (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.
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Figure 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 ! (j-l) and the daily circulation variability

!std (m-o). The top right of each plot shows the global mean value.
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Figure 8: Annual mean response of the GREB model precipitation terms: mois-

ture terms (precipq+preciprq) (a,d,g,j,m), precip! (b, e, h, k, n) and precip!std
(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 ! (j-l) and the

daily circulation variability !std (m-o). The top right of each plot shows the global

mean value.
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Figure 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, evaporation, mean- and daily variability of vertical winds) forcings

turned on (black dashed), the single forcing of surface temperature (red), evapora-

tion (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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Figure 10: Schematic illustration of how changes in the four boundary condi-

tions a↵ect 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.
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Figure S1: 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 ! (j-l) and the

daily circulation variability !std (m-o).The top right of each plot shows the global

mean value.
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