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Abstract

The response of precipitation minus evaporation (P-E) to global warming is investigated using a moist energy balance model

(MEBM) with a simple Hadley-Cell parameterization. The MEBM accurately emulates P-E changes simulated by a suite of

global climate models (GCMs) under greenhouse-gas forcing. The MEBM also accounts for most of the intermodel differences in

GCM P-E changes and better emulates GCM P-E changes when compared to the “wet-gets-wetter, dry-gets-drier” thermody-

namic mechanism. The intermodel spread in P-E changes are attributed to intermodel differences in radiative feedbacks, which

account for 60-70% of the intermodel variance, with smaller contributions from radiative forcing and ocean heat uptake. Iso-

lating the intermodel spread of feedbacks to specific regions shows that tropical feedbacks are the primary source of intermodel

spread in P-E changes. The ability of the MEBM to emulate GCM P-E changes is further investigated using idealized feedback

patterns. A less negative and narrowly peaked feedback pattern near the equator results in more atmospheric heating, which

strengthens the Hadley Cell circulation in the deep tropics through an enhanced poleward heat flux. This pattern also increases

gross moist stability, which weakens the subtropical Hadley Cell circulation. These two processes in unison increase P-E in the

deep tropics, decrease P-E in the subtropics, and narrow the Intertropical Convergence Zone. Additionally, a feedback pattern

that produces polar-amplified warming reduces the poleward moisture flux by weakening the meridional temperature gradient

and the Clausius-Clapeyron relation. It is shown that changes to the Hadley Cell circulation and the poleward moisture flux

are crucial for understanding the pattern of GCM P-E changes under warming.
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ABSTRACT: The response of precipitation minus evaporation (𝑃−𝐸) to global warming is inves-

tigated using a moist energy balance model (MEBM) with a simple Hadley-Cell parameterization.

The MEBM accurately emulates 𝑃 − 𝐸 changes simulated by a suite of global climate models

(GCMs) under greenhouse-gas forcing. The MEBM also accounts for most of the intermodel

differences in GCM 𝑃− 𝐸 changes and better emulates GCM 𝑃− 𝐸 changes when compared to

the “wet-gets-wetter, dry-gets-drier” thermodynamic mechanism. The intermodel spread in 𝑃−𝐸

changes are attributed to intermodel differences in radiative feedbacks, which account for 60−70%
of the intermodel variance, with smaller contributions from radiative forcing and ocean heat uptake.

Isolating the intermodel spread of feedbacks to specific regions shows that tropical feedbacks are

the primary source of intermodel spread in 𝑃−𝐸 changes. The ability of the MEBM to emulate

GCM 𝑃−𝐸 changes is further investigated using idealized feedback patterns. A less negative and

narrowly peaked feedback pattern near the equator results in more atmospheric heating, which

strengthens the Hadley Cell circulation in the deep tropics through an enhanced poleward heat

flux. This pattern also increases gross moist stability, which weakens the subtropical Hadley Cell

circulation. These two processes in unison increase 𝑃−𝐸 in the deep tropics, decrease 𝑃−𝐸 in the

subtropics, and narrow the Intertropical Convergence Zone. Additionally, a feedback pattern that

produces polar-amplified warming reduces the poleward moisture flux by weakening the merid-

ional temperature gradient and the Clausius-Clapeyron relation. It is shown that changes to the

Hadley Cell circulation and the poleward moisture flux are crucial for understanding the pattern of

GCM 𝑃−𝐸 changes under warming.
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SIGNIFICANCE STATEMENT: Changes to the hydrological cycle over the 21st century are28

predicted to impact ecosystems and socioeconomic activities throughout the world. While it is29

broadly expected that dry regions will get drier and wet regions will get wetter, the magnitude30

and spatial structure of these changes remains uncertain. In this study, we use an idealized31

climate model, which makes an assumption about how energy is transported in the atmosphere, to32

understand the processes setting the pattern of precipitation and evaporation under global warming.33

We first use the idealized climate model to explain why comprehensive climate models predict34

different changes to precipitation and evaporation across a range of latitudes. We show this35

arises primarily from climate feedbacks, which act to amplify or dampen the amount of warming.36

Ocean heat uptake and radiative forcing play secondary roles, but can account for a significant37

amount of the uncertainty in regions where ocean circulation influences the rate of warming. We38

further show that uncertainty in tropical feedbacks (mainly from clouds) affects changes to the39

hydrological cycle across a range of latitudes. We then show how the pattern of climate feedbacks40

affects how the patterns of precipitation and evaporation respond to climate change through a set of41

idealized experiments. These results show how the pattern of climate feedbacks impacts tropical42

hydrological changes by affecting the strength of the Hadley circulation and polar hydrological43

changes by affecting the transport of moisture to the high latitudes.44

1. Introduction45

The hydrological cycle, which describes the continuous movement of water on Earth, is a key46

component of the climate system. A fundamental measure of the hydrological cycle is the net47

water flux into the surface, which is equal to the difference between precipitation and evaporation48

(𝑃−𝐸). The magnitude and spatial pattern of 𝑃−𝐸 affects the formation of water masses in the49

ocean (e.g., Schmitt et al. 1989; Large and Nurser 2001; Abernathey et al. 2016; Groeskamp et al.50

2019), the salinity and stratification of the ocean’s mixed layer (e.g., de Boyer Montégut et al.51

2007), and the amount of runoff or availability of water over the land (e.g., Dai and Trenberth52

2002; Field and Barros 2014). 𝑃−𝐸 can also modulate transient climate change through changes53

in upper-ocean salinity, which impacts the degree of ocean heat uptake by changing the vertical54

stratification of the ocean (e.g., Liu et al. 2021). The magnitude and spatial pattern of 𝑃−𝐸 has55

been dramatically different in past climate states (e.g., Winguth et al. 2010; Boos 2012; Carmichael56
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et al. 2016; Burls and Fedorov 2017) and is predicted to change substantially over the next century57

(e.g., Mitchell et al. 1987; Chou and Neelin 2004; Held and Soden 2006; Byrne and O’Gorman58

2015; Siler et al. 2018).59

In response to increased greenhouse-gas concentrations, state-of-the-art global climate models60

(GCMs) consistently predict enhanced tropical precipitation and reduced subtropical precipitation,61

particularly over the oceans. Held and Soden (2006) explained that this “wet-gets-wetter, dry-62

gets-drier” paradigm can be understood by assuming that the change in 𝑃 − 𝐸 with warming is63

due primarily to the change in moisture content of the atmosphere, with little contribution from64

changes in atmospheric circulations. A simple scaling for these changes can be derived from the65

fact that on climatological time scales, 𝑃− 𝐸 is equal to the convergence of the mass-weighted,66

vertically integrated moisture flux 𝐹𝐿:67

𝑃−𝐸 = −∇ ·𝐹𝐿 . (1)

As discussed in Held and Soden (2006) (hereafter referred to as HS06), the scaling arises by68

assuming the change in 𝐹𝐿 is dominated by the change in lower-tropospheric specific humidity,69

with no changes in relative humidity and atmospheric circulation. These constraints mean that, as70

the atmosphere warms, 𝐹𝐿 will increase at close to the Clausius-Clapeyron rate, implying that:71

𝐹′
𝐿 ≈ 𝛼𝑇 ′𝐹𝐿 , (2)

where primes indicate the difference between the perturbed and control climates; and:72

𝛼 =
𝐿𝑣

𝑅𝑣𝑇
2 , (3)

is the Clausius-Clapeyron scaling factor, where 𝐿𝑣 is the latent heat of vaporization (2.5× 10673

J kg−1), 𝑅𝑣 is the gas constant of water vapor (461.5 J kg−1 K−1), and 𝑇 is the near-surface74

air temperature. For typical atmospheric temperatures, 𝛼 ranges from around 6 % K−1 (when75

𝑇 = 30°C) to more than 9 % K−1 (when 𝑇 = −30°C). If one assumes that gradients in 𝛼 and 𝑇 ′ are76

relatively small, Eq. (2) suggests that the change in 𝑃− 𝐸 under warming will also scale at the77
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Clausius-Clapeyron rate, which results in:78

𝑃′−𝐸′ ≈ 𝛼𝑇 ′ (𝑃−𝐸) . (4)

Eq. (4) implies that a spatially uniform increase in precipitable water will enhance the existing79

pattern of 𝑃− 𝐸 : increasing 𝑃− 𝐸 in the tropics and high latitudes and decreasing 𝑃− 𝐸 in the80

subtropics (e.g., Chou and Neelin 2004; Emori and Brown 2005; Held and Soden 2006; Seager81

et al. 2010). Eq. (4) also implies that the climatological boundaries of where 𝑃−𝐸 = 0 will remain82

fixed.83

a b c

Fig. 1. Response of the hydrological cycle to global warming. (a) The multi-model mean change in zonal-

mean precipitation minus evaporation (𝑃′ − 𝐸 ′) from 20 CMIP5 simulations 126− 150 years after an abrupt

quadrupling of CO2 relative to the pre-industrial average (black). The HS06 approximation (red dashed line) is

calculated fromEq. (4) and found by applying themulti-model zonal-mean change in near-surface air temperature

from the abrupt quadrupling of CO2 (black line in panel b) and the multi-model mean 𝑃−𝐸 climatology from

the preindustrial-control simulations (panel c) assuming 𝛼 = 7 % K−1 globally. The blue line shows the MEBM

𝑃′−𝐸 ′ pattern (which is described in Section 2). (b) The multi-model mean change in zonal-mean near-surface

air temperature (𝑇 ′) of (black) 20 CMIP5 GCMs and (blue line) the MEBM (see Section 2). (c) The multi-model

mean climatology of zonal-mean precipitation minus evaporation (𝑃−𝐸) of 20 CMIP5 GCMs. The grey dashed

vertical lines in (a) and (c) represent the climatological 𝑃− 𝐸 = 0 in preindustrial-control simulations, which

corresponds to the subtropical regions; and the grey dotted vertical lines represent the climatological 𝑃 − 𝐸

maximum in preindustrial-control simulations, which is a measure of the storm track latitude.

84

85

86

87

88

89

90

91

92

93

94

95

5



HS06 found that Eq. (4) broadly captured the spatial structure of 𝑃′−𝐸′ as simulated by coupled96

GCMs under rising greenhouse-gas concentrations. Figure 1a shows the multi-model mean pattern97

of 𝑃′−𝐸′ averaged over years 126−150 after an abrupt quadrupling of CO2 (4×CO2) for 20 GCMs98

participating in phase 5 of the Coupled Model Intercomparison Project (CMIP5). Under global99

warming, GCMs show increasing 𝑃−𝐸 in the tropics and high latitudes and decreasing 𝑃−𝐸 in100

the subtropics (see black line in Fig. 1a). The red dashed line shows the HS06 approximation from101

Eq. (4) using the multi-model mean patterns of 𝑇 ′ (Fig. 1b) and 𝑃−𝐸 (Fig. 1c) from the same102

20 GCMs, assuming that 𝛼 = 7% K−1 everywhere. While the approximation indeed captures the103

overall spatial pattern of 𝑃′−𝐸′ in GCM simulations of global warming, there are a few aspects104

that are not captured. Namely, Eq. (4) predicts 𝑃−𝐸 changes that are too large in the Northern105

Hemisphere extratropics and in the subtropical regions of both hemispheres, and predicts 𝑃− 𝐸106

changes that are too small in the tropics and the Southern Hemisphere extratropics. Furthermore,107

Eq. (4) does not capture other robust features of 𝑃 − 𝐸 changes as seen in GCMs, such as the108

poleward expansion of the subtropics (defined by the boundary of where 𝑃 − 𝐸 = 0; Lu et al.109

2007; Kang and Lu 2012), a poleward shift of the 𝑃−𝐸 maximum associated with the midlatitude110

storm tracks (Lu et al. 2010; Chang et al. 2012; Mbengue and Schneider 2013, 2017, 2018), and a111

contraction of the Inter-tropical Convergence Zone (ITCZ; Byrne and Schneider 2016b).112

Some of the differences between the patterns of 𝑃′ − 𝐸′ predicted by Eq. (4) and simulated113

by GCMs have been reconciled through additional terms that account for the spatial pattern of114

temperature change or changing atmospheric circulations. For instance, Boos (2012) showed that115

including the pattern of temperature change is necessary for understanding 𝑃−𝐸 changes at the Last116

Glacial Maximum, where ice sheets greatly altered horizontal temperature gradients. Similarly,117

Byrne and O’Gorman (2015) showed that changes to the patterns of temperature and relative118

humidity are important when considering the response of 𝑃 − 𝐸 to warming over land, where119

warming is generally amplified and relative humidity generally decreases. Byrne and O’Gorman120

(2015) also noted that over land traditionally dry regions, such as deserts, may actually become121

wetter due to these additional terms. However, these modifications to the HS06 approximation122

are still fundamentally thermodynamic, and do not account for the potential impact of dynamical123

changes on the pattern of 𝑃−𝐸 . For example, the additional terms in Byrne and O’Gorman (2015)124

do not predict the increase in tropical 𝑃− 𝐸 that GCMs suggest. Other studies have shown that125
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changing atmospheric circulations play an important role in determining the degree of subtropical126

expansion and narrowing of the ITCZ (Seager et al. 2010; Seager and Vecchi 2010), as well as127

poleward shifts in the mid-latitude storm tracks (Scheff and Frierson 2012).128

More recently, Siler et al. (2018) simulated the change in zonal-mean 𝑃−𝐸 using a moist energy129

balance model (MEBM). The key physical processes in the MEBM is that it reflects the overall130

downgradient transport of moist-static energy in the atmosphere. The MEBM also includes a131

simple Hadley Cell parameterization, which transports latent energy diffusively down-gradient in132

the mid- to high-latitudes but allows for latent energy to travel up-gradient in the tropics. Siler et al.133

(2018) showed that the MEBM accurately emulates 𝑃−𝐸 changes as simulated by comprehensive134

CMIP5 GCMs under global warming and better emulates these changes when compared to the135

HS06 approximation (see blue dashed line in Fig. 1a). In particular, theMEBM correctly simulates136

the larger increase in 𝑃− 𝐸 in the deep tropics and more muted 𝑃− 𝐸 changes in the Northern137

Hemisphere extratropics (Fig. 1a). The MEBM also predicts the GCM expansion of the subtropics138

both equatorward and poleward, which can be seen in Fig. 1a as regions where 𝑃′−𝐸′ < 0 extend139

across the dash-dot vertical lines (i.e., 𝑃−𝐸 = 0 in the climatology). Likewise, the dotted vertical140

lines in Fig. 1a denote the location of maximum 𝑃−𝐸 in the climatology, and a similar comparison141

with 𝑃′−𝐸′ shows that there is a poleward shift in the maximum 𝑃−𝐸 . Siler et al. (2018) argued142

that polar amplification — which is a robust feature of global warming — affects 𝑃′ − 𝐸′ by143

weakening the temperature dependence of the Clausius-Clapeyron relation and also decreasing144

the poleward moisture transport. This helps to explain why there is reduced high-latitude 𝑃− 𝐸145

changes and why the subtropical regions expand under warming in the MEBM and GCMs, when146

compared to the HS06 approximation. However, it is still unclear why the pattern of 𝑃′−𝐸′ from147

the MEBM is in better agreement with GCMs than Eq. (4) in the deep tropics, capturing increasing148

𝑃 − 𝐸 in the deep tropics and a narrowing of the ITCZ region (Fig. 1a). Indeed, large-scale149

circulation features like the Hadley Cells dominate latent energy transport in the deep tropics.150

This leads to a key question: How important are changes to the strength of the Hadley Cells for151

𝑃−𝐸 changes in the tropics? Previous work (e.g., Byrne and Schneider 2016a,b) has shown that152

energetic arguments can be invoked to understand processes contributing to a narrowing of the153

ITCZ, but it remains unclear what energetic processes are driving these circulation changes and154

how these circulation changes relate to 𝑃−𝐸 changes. Other studies have also demonstrated that155
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Hadley Cell changes and ITCZ narrowing are likely related to radiative changes (Lau and Kim156

2015; Su et al. 2014, 2019), but there remains a gap in our understanding of how these energetic157

constraints impact 𝑃−𝐸 changes.158

Better understanding processes that set the pattern of 𝑃′−𝐸′ may also help reduce uncertainty in159

future precipitation projections as sources of intermodel spread can be identified. Current GCMs160

exhibit a large intermodel spread in the pattern of 𝑃′− 𝐸′ under global warming, and the exact161

reason for this spread remains unknown (Prein and Pendergrass 2019). Previous studies have162

shown that tropical radiative feedbacks contribute to uncertainty in the amount of warming that is163

nearly spatially uniform, while polar radiative feedbacks contribute to uncertainty in the amount164

of warming that is confined to the poles (Roe et al. 2015; Bonan et al. 2018). Yet, an important165

question remains unanswered: What processes constitute the greatest sources of uncertainty in the166

pattern of 𝑃′−𝐸′ under climate change? The ability of the MEBM to emulate the pattern of 𝑃′−𝐸′
167

simulated by GCMs under greenhouse-gas forcing (see Fig. 1a) suggests the MEBM can also be168

used to examine drivers of uncertainty in 𝑃′−𝐸′.169

In this paper, we have two specific aims:170

1. We identify sources of intermodel spread in the pattern of 𝑃′− 𝐸′ under global warming.171

To do this, we first show that the MEBM is able to account for a majority of the intermodel172

variance in 𝑃′− 𝐸′ across a range of latitudes for GCMs under 4 × CO2. We then link the173

intermodel spread in 𝑃′−𝐸′ to radiative feedbacks, radiative forcing, and ocean heat uptake.174

2. We further investigate differences between the simple thermodynamic perspective introduced175

by HS06 and the downgradient energy transport perspective introduced by Siler et al. (2018).176

Specifically, we use the MEBM to consider how the pattern of radiative feedbacks impacts the177

pattern of 𝑃′−𝐸′ in the tropics and extratropics. We show that changes to the net heating of the178

atmosphere and gross moist stability act to strengthen and weaken the Hadley Cell in different179

regions, which alters moisture transport to the tropics, narrows the ITCZ and increases 𝑃−𝐸180

in the deep tropics. We also show how changes in the meridional temperature gradient alters181

poleward moisture transport.182

The paper is structured as follows. In Section 2, we describe the MEBM and Hadley Cell183

parameterization. In Section 3, we assess the skill of the MEBM in emulating GCMs under184

greenhouse-gas forcing and use the MEBM to identify sources of uncertainty in the pattern of185
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𝑃′−𝐸′. In Section 4, we examine how the pattern of radiative feedbacks impacts 𝑃−𝐸 changes in186

the deep tropics and extratropics using a set of simple scalings and compare these results to output187

from CMIP5 GCMs. Finally, in Section 5, we discuss key results and implications of this work.188

2. A modified moist energy balance model189

A series of studies have shown that downgradient energy transport by the atmosphere is remark-190

ably successful at emulating the zonal-mean climate, and its response to greenhouse-gas forcing191

(Flannery 1984; Hwang and Frierson 2010; Roe et al. 2015; Siler et al. 2018; Bonan et al. 2018;192

Merlis and Henry 2018; Armour et al. 2019; Russotto and Biasutti 2020; Lutsko et al. 2020; Hill193

et al. 2022; Beer and Eisenman 2022). When applied to climate change, the MEBM assumes that194

the anomalous northward column-integrated atmospheric energy transport 𝐹′(𝑥) is proportional195

to the meridional gradient of anomalous near-surface moist static energy ℎ′ = 𝑐𝑝𝑇
′+ 𝐿𝑣𝑞

′, which196

gives:197

𝐹′(𝑥) = 2𝜋𝑝𝑠
𝑔

𝐷

(
1− 𝑥2

) 𝑑ℎ′
𝑑𝑥

, (5)

where 𝑐𝑝 is the specific heat of air (1005 J kg−1 K−1), 𝑞′ is the anomalous near-surface specific198

humidity (assuming fixed relative humidity of 80%), 𝑝𝑠 is surface air pressure (1000 hPa), 𝑔 is199

the acceleration due to gravity (9.81 m s−2), 𝐷 is a constant diffusion coefficient (with units of m2200

s−1), 𝑥 is sine latitude, and 1− 𝑥2 accounts for the spherical geometry.201

Under warming, the anomalous heating of the atmosphere must be balanced by the divergence202

of 𝐹′(𝑥). We define 𝑅 𝑓 (𝑥) as the local top-of-atmosphere (TOA) radiative forcing; 𝜆(𝑥) as the203

local radiative feedback, defined as the change in net upward TOA radiative flux per degree of204

local surface warming (W m−2 K −1); and 𝐺′(𝑥) as the change in net surface heat flux, which is205

equivalent to the divergence of ocean heat transport and ocean heat storage. Combining these three206

terms (i.e., the anomalous heating of the atmosphere) with the divergence of Eq. (5) gives:207

𝑅 𝑓 (𝑥) −𝐺′(𝑥) +𝜆(𝑥)𝑇 ′(𝑥) = ∇ ·𝐹′(𝑥), (6)

which is a single differential equation that can be solved numerically for 𝑇 ′(𝑥) and 𝐹′(𝑥) given208

patterns of 𝑅 𝑓 (𝑥), 𝐺′(𝑥), and 𝜆(𝑥) and a value of 𝐷.209
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Hadley cell Hadley cell

Equator90°S 90°N

Midlatitude eddies Midlatitude eddies

ExtratropicsTropicsSubtropicsExtratropics Subtropics

P − E > 0 P − E < 0 P − E > 0 P − E < 0 P − E > 0

ψ (x)

w(x)
FL,EDDY = − (1 − w) 2πps

g
LvD (1 − x2) dq

d x
FL,HC = − ψLvq

Fig. 2. Schematic depicting the Hadley Cell parameterization in the moist energy balance model. A

Gaussian weighting function 𝑤(𝑥), shown in the grey dash-dot line is used to partition atmospheric heat transport

𝐹 (𝑥) into a component due to theHadley Cell 𝐹HC(𝑥) and a component due to eddies 𝐹EDDY(𝑥). A streamfunction

𝜓 is then approximated using assumptions about gross moist stability (see Section 2 and Appendix B). 𝜓 is then

used to flux moisture back up the meridional moist-static energy gradient while the rest is diffused down the

meridional moist-static energy gradient and modulated by the weighting function. By summing the two terms

and taking the divergence, a pattern of 𝑃−𝐸 is obtained.

210

211

212

213

214

215

216

To simulate a realistic hydrological cycle, we follow Siler et al. (2018) and Armour et al.217

(2019) and define a Gaussian weighting function 𝑤(𝑥) that partitions the transport of anomalous218

latent and dry-static energy within the tropics. A schematic depicting the mean-state Hadley Cell219

parameterization is shown in Figure 2. Following Siler et al. (2018), we divide 𝐹′(𝑥) into a220

component due to the Hadley Cells 𝐹′
HC(𝑥) and a component due to the eddies 𝐹

′
EDDY(𝑥), and221

define 𝑤(𝑥) as the fraction of total energy transport that is accomplished by the Hadley Cells at a222

given latitude:223

𝐹′
HC(𝑥) = 𝑤(𝑥)𝐹′(𝑥) and 𝐹′

EDDY(𝑥) = (1−𝑤(𝑥)) 𝐹′(𝑥), (7)

and224

𝑤(𝑥) = exp
(
−𝑥2

𝜎2𝑥

)
, (8)
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where𝜎𝑥 is a width parameter, whichwe set to 0.30 following Siler et al. (2018). In this formulation,225

eddies account for essentially all anomalous energy transport poleward of 45◦S and 45◦N, while226

the Hadley Cell accounts for most anomalous energy transport between 10◦S and 10◦N. In this227

way, the overall downgradient transport of ℎ′ is maintained, but latent energy is properly routed228

with a fixed 𝑤. Note that this formulation explicitly leaves out representation of the extratropical229

components of the mean meridional circulation (i.e., Ferrel and polar cells) and does not allow for230

the extent of the Hadley Cell to change under warming.231

In the mean-state climate, poleward atmospheric heat transport by the Hadley Cell 𝐹HC(𝑥) is232

equal to:233

𝐹HC(𝑥) = 𝜓(𝑥)𝐻 (𝑥), (9)

where 𝜓(𝑥) is the mass transport (kg s−1) in each branch of the Hadley Cell and 𝐻 (𝑥) is the gross234

moist stability, defined as the difference between ℎ in the upper and lower branches at each latitude235

(see details below). However, because we are considering 𝑃 − 𝐸 changes under warming, the236

anomalous poleward atmospheric heat transport by the Hadley Cell can be represented as:237

𝐹′
HC(𝑥) = 𝜓′(𝑥)𝐻 (𝑥) +𝜓(𝑥)𝐻′(𝑥) +𝜓′(𝑥)𝐻′(𝑥), (10)

where 𝜓′(𝑥) is the anomalous mass transport (kg s−1) in each branch of the Hadley Cell and238

𝐻′(𝑥) is the anomalous gross moist stability (i.e., the difference between ℎ′ in the upper and lower239

branches at each latitude). Note that we have written Eq. (10) in terms of a perturbation around the240

climatological mean-state. Appendix B details how the climatological state is approximated using241

the MEBM. In Section 3, we use the climatological state of each GCM. For the idealized analyses242

of Section 4, the climatological state is equivalent to the multi-model mean climatological state of243

the 20 CMIP5 GCMs under preindustrial conditions, but symmetric about the equator so as not to244

introduce hemispheric asymmetries.245

Following Held (2001), we assume that anomalous upper tropospheric moist-static energy is246

uniform in the tropics with a constant value of ℎ′0. Thus, variations in 𝐻
′(𝑥) are due entirely to247

meridional variations in ℎ′ giving 𝐻′(𝑥) ≈ ℎ′0− ℎ′(𝑥), where ℎ′0 = 1.08× ℎ′(0), or 8% above ℎ′ at248

the equator (𝑥 = 0). Note that this value is slightly higher than the value used by Siler et al. (2018),249

which is 6% above ℎ′ at the equator, but was found to better emulate 𝑃′−𝐸′ in GCMs. Each GCM250
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uses the same scaling factor. Higher scaling factors result in weaker Hadley Cell mass fluxes and251

less tropical 𝑃−𝐸 . The anomalous latent energy transport by the Hadley Cell 𝐹′
𝐿,HC(𝑥) is thus:252

𝐹′
𝐿,HC(𝑥) = −

(
𝜓′(𝑥)𝐿𝑣𝑞(𝑥) +𝜓(𝑥)𝐿𝑣𝑞

′(𝑥) +𝜓′(𝑥)𝐿𝑣𝑞
′(𝑥)

)
. (11)

The assumption about moisture transport holds because the upper branch of the Hadley Cell is253

essentially dry, meaning anomalous latent energy transport is confined to the lower branch. With254

this simple Hadley Cell parameterization, the anomalous latent energy transport can be obtained255

by summing the terms due to the Hadley Cells and eddies:256

𝐹′
𝐿 (𝑥) = 𝐹′

𝐿,HC(𝑥) +𝐹
′
𝐿,EDDY(𝑥). (12)

The divergence of 𝐹′
𝐿
(𝑥) (Eq. 12) then yields the change in 𝑃−𝐸 :257

𝑃′−𝐸′ = −∇ ·𝐹′
𝐿 (𝑥) = − 1

2𝜋𝑎2
𝑑𝐹′

𝐿

𝑑𝑥
. (13)

The essential feature of the MEBM framework is that it allows for a self-consistent representation258

of atmospheric heat transport, while allowing us to examine how different factors, such as the259

patterns of 𝜆,𝐺′, 𝑅 𝑓 , and 𝑇 ′ impact that pattern of 𝑃′−𝐸′. It also important to note this framework260

ensures that 𝑃′ = 𝐸′ globally.261

3. Changes to the hydrological cycle in a moist energy balance model262

We first assess the ability of the MEBM to emulate a suite of comprehensive GCMs under271

greenhouse-gas forcing largely following Siler et al. (2018). To do this, we compute the model-272

specific patterns of 𝑅 𝑓 , 𝐺′, and 𝜆 from 20 different CMIP5 GCMs (see Appendix A) and calculate273

the 𝑃′− 𝐸′ pattern from the MEBM defined in Section 2. Note, for this section we use model-274

specific values of 𝐷 and climatological states from a climatological version of the MEBM (see275

Appendix B).276

Figure 3 shows the pattern of 𝑃′ − 𝐸′ from each GCM, the MEBM solution, and the HS06277

approximation. While the overall pattern of “wet-gets-wetter, dry-gets-drier” is similar across278

both the HS06 approximation and MEBM, there is much better agreement between GCMs and279
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Fig. 3. See next page.
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Fig. 3. Response of the hydrological cycle to global warming in a moist energy balance model. The

pattern of 𝑃′−𝐸 ′ in 20 CMIP5 simulations 126−150 years after an abrupt quadrupling of CO2. The black line

denotes the GCM, the blue line denotes the MEBM solution, and the red line denotes the HS06 approximation.

The grey line denotes an individual GCM or simulation and the colored line denotes the multi-model mean. The

grey dashed vertical lines in (a) and (c) represent the 𝑃−𝐸 = 0 boundary in the climatology, which corresponds

to the subtropical regions; and the grey dotted vertical lines represent the 𝑃−𝐸 maximum, which is a measure

of the latitude of the storm tracks. Changes in subtropical boundaries and stormtrack latitude can be inferred by

comparing the 𝑃′−𝐸 ′ changes with these vertical lines.

263

264

265

266

267

268

269

270

the MEBM than between GCMs and the HS06 approximation. For example, in GCMs with large280

values of 𝑃′−𝐸′ in the deep tropics (e.g., ACCESS-1.0, CanESM2, CSIRO-Mk3.6.0, andMIROC-281

ESM) there is a good agreement between the MEBM and GCMs that is not captured by the HS06282

approximation, suggesting that the MEBM is capturing changes in latent energy transport that the283

HS06 approximation leaves out. The MEBM also captures a narrowing of the ITCZ region, which284

occurs in every GCM analyzed here, and can be inferred from Fig. 3 because 𝑃′−𝐸′ is negative285

at the equatorward climatogical 𝑃−𝐸 = 0 line (dash-dot line in each panel). In the extratropical286

regions, the MEBM captures, better than the HS06 approximation, the more muted 𝑃−𝐸 changes287

also shown by GCMs (e.g., ACCESS-1.3, CCSM4, HadGEM2-ES). The MEBM also broadly288

captures the expansion of the subtropical regions in each GCM.289

To quantitatively compare the pattern of 𝑃′−𝐸′ from each individual GCM, theMEBM solution,294

and the HS06 approximation, we take area-weighted averages of 𝑃′− 𝐸′ in five distinct regions295

that represent the extratropical regions (90◦S to 45◦S and 45◦N to 90◦N), the subtropics (45◦S296

to 10◦S and 10◦N to 45◦N) and the deep tropics (10◦S to 10◦N). In the extratropical regions, the297

MEBM accounts for approximately 70% of the intermodel variance while the HS06 approximation298

accounts for none (Fig. 4a and 4e). In the subtropics, the MEBM accounts for less intermodel299

variance (𝑟2 ≈ 0.60; Fig. 4b and 4d), but still far more than the HS06 approximation (𝑟2 ≈ 0.10). In300

the deep tropics, where the MEBM solution predicts larger increases in 𝑃−𝐸 when compared to301

the HS06 approximation, the MEBM accounts for approximately 50% of the intermodel variance,302

compared with about 10% for the HS06 approximation (Fig. 4c).303
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a b

d e

c

Fig. 4. Skill of the moist energy balance model. Scatter plots of the area-averaged 𝑃′−𝐸 ′ in the GCM, Held

and Soden (2006) approximation (red), and MEBM (blue) from (a) 90◦S to 45◦S, (b) 45◦S to 10◦S, (c) 10◦S to

10◦N, (d) 10◦N to 45◦N, and (e) 45◦N to 90◦N. The top left corner of each plot shows the Pearson correlation

coefficient between the 𝑃′−𝐸 ′ responses from the MEBM and GCM (blue) and HS06 and GCM (red).

290

291

292

293

a. Sources of uncertainty304

Having demonstrated that the MEBM emulates the pattern of 𝑃′−𝐸′ for each individual GCM,308

we next investigate the reason for the good agreement between the MEBM and GCMs, and the309

intermodel spread of these 𝑃′−𝐸′ patterns. Uncertainty in the MEBM mainly arises from three310

sources: radiative forcing 𝑅 𝑓 , ocean heat uptake 𝐺′, and radiative feedbacks 𝜆. Following Bonan311

et al. (2018), we disaggregate the 𝑃′−𝐸′ patterns into separate contributions from 𝑅 𝑓 , 𝐺′, and 𝜆312

by creating a baseline pattern of 𝑃′− 𝐸′ for the MEBM using the multi-model mean patterns of313

𝑅 𝑓 , 𝐺′, and 𝜆. We then run the MEBM using the GCM-specific patterns of either 𝑅 𝑓 , 𝐺′, and 𝜆314

(Figure A1) while holding the other two variables fixed at their multi-model mean patterns. This315

generates a spread of MEBM 𝑃′−𝐸′ patterns due to intermodel differences in either 𝑅 𝑓 , 𝐺′, and316
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Fig. 5. Sources of uncertainty in the response of the hydrological cycle to global warming in different

regions. Fractional contribution of 𝜆, 𝑅 𝑓 , and 𝐺 ′ to the total variance in 𝑃′−𝐸’ for averages from 90◦S to 45◦S,

45◦S to 10◦S, 10◦S to 10◦N, 10◦N to 45◦N, and 45◦N to 90◦N.

305

306

307

𝜆. To understand the relative importance of each contributing factor, we calculate the variance317

of 𝑃′− 𝐸′ as a function of latitude from each individual factor. We then compute the fractional318

contribution of each factor to the total variance by assuming that the variance associated with each319

factor can be added linearly.320

Figure 5 shows the fractional contribution of 𝑅 𝑓 , 𝐺′, and 𝜆 to the total variance in 𝑃′−𝐸′ for321

the same regions described above. Across all regions intermodel variations in 𝜆 are the leading322

cause of intermodel variations in 𝑃′− 𝐸′, accounting for 60− 75% of the intermodel variance.323

In the extratropical regions, the contribution of 𝜆 to the intermodel spread in 𝑃′− 𝐸′ is smaller324

than in the tropics (Fig. 5). 𝑅 𝑓 accounts for 15− 30% of the intermodel variance in 𝑃′ − 𝐸′
325

patterns, and accounts for more intermodel variance in the extratropical regions when compared326

to the tropics. Intermodel variations in 𝐺′ account for 5−8% of the intermodel variance across all327

regions. Note that these averages represent broad swaths of 𝑃′−𝐸′, which exhibits large spatial328

variations as a function of latitude. The same analysis as a continuous function of latitude yields a329

greater influence of𝐺′ at some latitudes, accounting for approximately 30−40% of the intermodel330

variance in 𝑃′−𝐸′ in regions of large ocean heat uptake, such as the North Atlantic and Southern331

Ocean (Marshall et al. 2015).332
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Fig. 6. Local and remote influence of regional climate feedbacks on the response of the hydrological

cycle to global warming. Fractional contribution of intermodel variations of 𝜆 in the tropical (30◦S to 30◦N)

and extratropical regions (90◦S to 30◦S and 30◦N to 90◦N) to the total variance in 𝑃′−𝐸 ′ for averages from 90◦S

to 45◦S, 45◦S to 10◦S, 10◦S to 10◦N, 10◦N to 45◦N, and 45◦N to 90◦N.
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336
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b. Local and remote impacts of climate feedbacks333

Given that the intermodel spread of𝜆 is themain source of uncertainty in the pattern of 𝑃′−𝐸′, we338

next consider the relative importance of 𝜆 in different regions. The remote-versus-local influence339

of 𝜆 has been shown to be an important factor when considering uncertainty in the pattern of340

temperature (Roe et al. 2015; Bonan et al. 2018), but its influence on changes to 𝑃′− 𝐸′ is less341

understood. To examine this, we run the MEBM with the multi-model mean patterns of 𝑅 𝑓 and342

𝐺′, and confine the intermodel spread of 𝜆 to the tropics (30◦S to 30◦N) and extratopics (90◦S to343

30◦S and 30◦N to 90◦N) while the other region is set to the multi-model mean of 𝜆. This isolates344

the impact of uncertainty in one region on 𝑃′−𝐸′ uncertainty in other regions, but does not isolate345

inter-hemispheric changes. Note that these regions span equal areas of the globe.346

Figure 6 shows the fractional contribution of intermodel variations of 𝜆 in the tropical and347

extratropical regions to the total variance in 𝑃′−𝐸′ for the same regions examined above. In the348

deep tropics and subtropics, intermodel differences in tropical 𝜆 account for 85-92% of intermodel349

variance in 𝑃′− 𝐸′. In the extratropical regions, intermodel differences in tropical 𝜆 contribute350

to approximately 60% of the intermodel variance in 𝑃′−𝐸′. Notably, intermodel variations in 𝜆351

in the extratropical regions contribute little to intermodel variations in 𝑃′−𝐸′ in the deep tropics352

and subtropics, but contribute approximately 40% of the intermodel variations of 𝑃 − 𝐸 in the353
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extratropical regions. This is similar to the results of Bonan et al. (2018), where tropical-feedback354

uncertainty was found to contribute to warming uncertainty that was nearly uniform with latitude.355

4. Impact of radiative feedback patterns on hydrological changes356

Having shown that the MEBM emulates the pattern of 𝑃′ − 𝐸′ simulated by GCMs under357

greenhouse-gas forcing with high skill, and that this pattern is largely determined by radiative358

feedbacks, we now use the MEBM with idealized radiative-feedback patterns and a set of simple359

scalings to investigate the specific mechanisms responsible for setting the 𝑃′− 𝐸′ pattern. The360

radiative-feedback patterns are constructed to illustrate key differences between the MEBM and361

HS06 approximation. Note that the pattern of 𝑃′− 𝐸′ from the HS06 approximation is purely362

thermodynamic, arising from the climatological pattern of 𝑃−𝐸 and the spatial pattern of warming,363

whereas the pattern of 𝑃′−𝐸′ from the MEBM is both thermodynamic and dynamic, arising from364

changes in latent energy transport from eddies and the Hadley Cells, both of which are constrained365

by the overall energetic demand in the atmosphere.366

a. Experiments and overview367

Because we showed that the pattern of radiative feedbacks contributes most to the intermodel378

spread of 𝑃′−𝐸′, we first set 𝐺′(𝑥) = 1.54 W m−2 and 𝑅 𝑓 (𝑥) = 6.35 W m−2, which are the mutli-379

model and global-mean values of the CMIP5 GCMs. 𝐷 is set to 1.05×106 m2 s−1, which is the380

multi-model mean value of the CMIP5 GCMs. We also take the multi-model mean climatological381

MEBM variables (𝜓, 𝐻, 𝑇) and make them symmetric about the equator. Thus, any asymmetries382

in the analyses of Section 4 result from asymmetries in the pattern of radiative feedbacks only.383

Next, we create four 𝜆 patterns that broadly represent the intermodel spread of CMIP5 GCMs (see384

Figure A1) and produce four distinct patterns of warming (Fig. 7). These patterns are as follows:385

1. The first 𝜆 pattern is weakly negative in the deep tropics, positive in the subtropics, and386

negative in the extratropics (Fig. 7a). This 𝜆 pattern produces a pattern of warming that is387

uniform with latitude and equivalent to the multi-model and global-mean value of warming388

from the CMIP5 GCMs. This pattern was calculated by prescribing a uniform 𝑇 ′ in Eq. (6)389

and solving for 𝜆.390
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Fig. 7. See next page.
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Fig. 7. Impact of radiative feedback patterns on the response of the hydrological to global warming. A

(left) pattern of the net radiative feedback that induces a (middle) pattern of warming; (a) that is uniform; (b)

with equal degrees of polar amplification in the Northern Hemisphere and Southern Hemisphere; (c) with equal

degrees of polar amplification in the Northern Hemisphere and Southern Hemisphere and amplified warming

on the equator; and (d) with more polar amplification in the Northern Hemisphere than Southern Hemisphere

and amplified warming on the equator. The right panel shows the pattern of 𝑃′ − 𝐸 ′ for each pattern of the

net radiative feedback. The blue dashed line denotes the MEBM solution and the red dashed line is the Held

and Soden (2006) approximation assuming 𝛼 =% K−1 globally and using the multi-model mean climatological

pattern of 𝑃−𝐸 from 20 preindustiral control simulations, which is shown in Fig. 1c. Note that the climatological

patterns have been symmetrized about the equator.
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2. The second 𝜆 pattern is uniform with latitude and equivalent to the multi-model and global-391

mean value of 𝜆 from the CMIP5 GCMs (Fig. 7b). This 𝜆 pattern produces a pattern of392

warming that is polar-amplified in both hemispheres and contains little-to-no structure in the393

deep tropics.394

3. The third 𝜆 pattern is symmetric across both hemispheres but contains a narrowly positive395

peak value of 𝜆 in the deep tropics and negative values elsewhere (Fig. 7c). This pattern396

was calculated by taking the pattern of 𝜆 from CSIRO-Mk3.6.0, which exhibits the largest397

increases in 𝑃− 𝐸 in the deep tropics, and making it symmetric across the equator. This 𝜆398

pattern produces a pattern of warming that is also polar-amplified in both hemispheres, but399

contains a slight amplification of warming near the equator.400

4. The fourth 𝜆 pattern is antisymmetric across both hemispheres but still contains a narrowly401

positive peak value of 𝜆 in the deep tropics and negative values elsewhere (Fig. 7d). This402

𝜆 pattern is from CSIRO-Mk3.6.0 and produces a pattern of warming that is more polar-403

amplified in the Arctic and less polar-amplified in the Antarctic, but also contains a slight404

amplification of warming near the equator.405

The resulting patterns of 𝑃′ − 𝐸′ are shown in the right columns of Figure 7, along with a406

comparison to the HS06 approximation. We briefly describe the patterns, before analyzing the407

causes in the next two subsections, focusing separately on the tropics and extratropics. For Pattern408

1, when 𝜆 is mostly positive in the subtropics and negative in the extratropics (Fig. 7a), the409
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pattern of warming is uniform. This results in a 𝑃′−𝐸′ pattern that is nearly identical to the HS06410

approximation (i.e., Eq. 4), with increasing 𝑃−𝐸 in the tropics and high-latitudes and decreasing411

𝑃−𝐸 in the subtropics. Note that this 𝑃−𝐸 pattern contains no change in the subtropical boundaries412

or narrowing of the ITCZ. However, for Pattern 2, when 𝜆 is uniform with latitude, there is a polar-413

amplified pattern of warming, which results in a pattern of 𝑃′− 𝐸′ that is different between the414

MEBM and HS06. For polar-amplified warming, while the pattern of 𝑃′−𝐸′ for the MEBM and415

HS06 approximation is similar in the tropics, 𝑃′− 𝐸′ in the extratropics and subtropics is much416

more muted in the MEBM. Finally, for Pattern 3 and Pattern 4, when 𝜆 is narrowly positive in417

the deep tropics and negative across most other latitudes, there is a similar difference between the418

MEBM and HS06 𝑃′−𝐸′ in the high-latitudes, but the MEBM 𝑃′−𝐸′ is larger in the deep tropics.419

This increase in the deep tropics far exceeds the HS06 approximation (Eq. 4), and coincides with420

a narrowing of the ITCZ where 𝑃−𝐸 > 0.421

To provide a more mechanistic interpretation of how the pattern of 𝜆 impacts the pattern of422

𝑃′−𝐸′, in the next two subsections we compare the MEBM and HS06 approximation using a set423

of simple scalings.424

b. Tropics425

In Figure 1 and Figure 3 we saw that, in the tropics, 𝑃′−𝐸′ in the MEBM is much larger than438

𝑃′− 𝐸′ in the HS06 approximation, and is in much better agreement with GCMs. This is also439

evident in Figure 7 with the idealized radiative feedback patterns. These differences are likely440

related to the MEBM containing a Hadley Cell parameterization that simulates changes to the441

Hadley Cell circulation strength under warming. Thus, differences between the MEBM and HS06442

approximation in the deep tropics can be understood through the conservation statement for the443

atmospheric-moisture budget for 𝑃−𝐸 under warming:444

(𝑃′−𝐸′)HC = −∇ ·
(
𝜓𝐿𝑣𝑞

′+𝜓′𝐿𝑣𝑞 +𝜓′𝐿𝑣𝑞
′
)
, (14)

where (·) represents the climatological state. Here, 𝜓 and 𝑞 are derived by applying the MEBM445

to the each preindustrial control simulation from 20 GCMs (see Appendix B for details). This446

enables us to decompose 𝑃′−𝐸′ in the MEBM— for regions where the Hadley Cell accomplishes447

most of the latent-energy transport — into thermodynamic and dynamic contributions to 𝑃′−𝐸′.448
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a b

c d

Fig. 8. Impact of radiative feedback patterns on the tropical hydrological cycle response. The pattern

of 𝑃′ − 𝐸 ′ between 45◦S and 45◦N for a pattern of warming (a) that is uniform, (b) with equal degrees of

polar amplification in the Northern Hemisphere and Southern Hemisphere, (c) with equal degrees of polar

amplification in the Northern Hemisphere and Southern Hemisphere and amplified warming on the equator, and

(d) with more polar amplification in the Northern Hemisphere than Southern Hemisphere and amplified warming

on the equator. These are calculated following Section 4a (see Fig. 7). The blue dashed line denotes the MEBM

solution. The red dashed line denotes the Held and Soden (2006) approximation assuming 𝛼 = 7% K−1 globally.

The red dotted line is the 𝑃′−𝐸 ′ pattern with no circulation strength changes and changes to the moisture content

of the atmosphere, ∇ · (𝜓𝐿𝑣𝑞
′). The purple dashed line is the 𝑃′−𝐸 ′ pattern with circulation strength changes

and changes to the moisture content of the atmosphere, ∇ · (𝜓 ′𝐿𝑣𝑞) + ∇ · (𝜓 ′𝐿𝑣𝑞
′). Note that the latitude range

is confined to 45° as this is where the Hadley Cell parameterization exhibits little-to-no influence on moisture

transport.
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Broadly, the first term represents no changes to the strength of the Hadley Cell and changes to449

the moisture content of the atmosphere (which is nearly equivalent to Eq. 4); the second term450

represents changes to the strength of the Hadley Cell and no changes to the moisture content of the451

atmosphere; and the third term is second-order and combines changes to the strength of the Hadley452

Cell and moisture changes.453

Figure 8 shows 𝑃′−𝐸′ for each pattern of 𝜆 into contributions from the three terms in Eq. (14),454

in the region influenced by the Hadley Cells (45◦S to 45◦N) . Under a uniform pattern of warming455

(Fig. 8a) the thermodynamic term (red dotted line) dominates 𝑃′− 𝐸′ while the two dynamical456

terms (purple line) simply amplify the existing pattern of 𝑃 − 𝐸 , with no change in the spatial457

structure of 𝑃− 𝐸 . Note that the thermodynamic term, which does not represent changes to the458

strength of the Hadley Cell, is nearly equivalent to the HS06 approximation in the deep tropics.459

Similarly, under a pattern of warming with equal degrees of polar amplification in each hemisphere460

and uniform warming throughout the tropics (Fig. 8b), the thermodynamic term (red dotted line)461

again dominates 𝑃′−𝐸′ and there is little-to-no change in the spatial pattern of 𝑃−𝐸 in the deep462

tropics from the dynamical terms (purple line). However, under a pattern of warming with equal463

degrees of polar amplification in each hemisphere (Fig. 8c), but more warming near the equator,464

the dynamical terms dominate 𝑃−𝐸 changes in the deep tropics. Here, 𝜓′ causes an enhancement465

of 𝑃−𝐸 in the deep tropics. Between 5°S and 5°N, changes to 𝜓 contribute to an enhancement466

of approximately 5 mm day−1 in 𝑃−𝐸 . Likewise, under amplified warming of the Arctic, more467

muted Southern Hemisphere warming, and amplified warming near the equator (Fig. 8d), there is468

larger 𝑃−𝐸 in the deep tropics, which also arises mainly from changes in 𝜓.469

Because the Hadley Cells greatly impact 𝑃′ − 𝐸′ in the deep tropics, we now focus on the470

mechanisms responsible for the mass-flux changes in the MEBM. To do this, we turn to Eq. (10),471

which relates the strength of the Hadley Cell to the poleward heat flux and gross moist stability.472

Rearranging for 𝜓′(𝑥) gives:473

𝜓′(𝑥) =
𝐹′
HC

𝐻 +𝐻′︸  ︷︷  ︸
𝜓′
1

− 𝜓𝐻′

𝐻 +𝐻′︸  ︷︷  ︸
𝜓′
2

, (15)

where 𝜓′
1 represents changes to 𝜓 that result from changes in the poleward heat transport by the474

Hadley Cell and 𝜓′
2 represents changes to 𝜓 that result from changes in gross moist stability, or the475

stratification of the tropical atmosphere. Note that gross moist stability always scales at 8% above476
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the equator value of ℎ′0, but can change due to changes in ℎ
′. These two terms can be combined477

with Eq. (14) to produce:478

(𝑃′−𝐸′)HC = −∇ ·
©­­­«𝜓𝐿𝑣𝑞

′+
(
𝜓′
1𝐿𝑣𝑞 +𝜓′

1𝐿𝑣𝑞
′)︸                 ︷︷                 ︸

Term 1

+
(
𝜓′
2𝐿𝑣𝑞 +𝜓′

2𝐿𝑣𝑞
′)︸                 ︷︷                 ︸

Term 2

ª®®®¬ , (16)

where now 𝑃′−𝐸′ can be decomposed into three terms: a thermodynamic term with no circulation479

strength changes but changes to the moisture content of the atmosphere (i.e., Eq. 4), and two480

dynamic terms that represent circulation strength changes from either the poleward heat transport481

by the Hadley Cell (Term 1) or changes in gross moist stability (Term 2).482

Figure 9 shows the divergence of anomalous atmospheric heat transport (Fig. 9a) and anomalous491

gross moist stability (Fig. 9b) for each of the four 𝜆 patterns. These two variables can be used to492

decompose changes to the Hadley Cell circulation strength into the two terms from Eq. (15) (see493

Fig. 9c-d). The decomposition shows that changes to the poleward heat transport by the Hadley494

Cell (i.e., Term 1) largely act to strengthen 𝜓, and that changes to gross moist stability (i.e., Term495

2) largely act to weaken 𝜓 (Fig. 9). With a pattern of 𝜆 that produces uniform warming there is496

excess energy in the tropics that must be exported poleward (see solid gold line in Fig. 9a), driving497

a stronger 𝜓 (see solid gold line in Fig. 9c). Uniform warming also acts to produce the largest498

gross moist stability changes (see solid gold line in Fig. 9b), which weakens 𝜓 (see solid gold line499

in Fig. 9d). The changes in gross moist stability are consistent with Chou et al. (2013), who found500

that increases in gross moist stability are related to a weakening of 𝜓. However, these changes are501

much smaller than the poleward heat changes and there is no change in the spatial structure of 𝜓′
502

and therefore 𝑃′−𝐸′ increases largely following the climatological state (see solid gold line in Fig.503

9e-f). This is also true for a uniform pattern of 𝜆, where there are smaller changes to 𝜓, but again504

little-to-no change to the spatial structure of 𝜓 (see dashed gold line in Fig. 9c-d).505

With a pattern of 𝜆 that is less negative in the tropics and much more narrowly peaked — which506

is similar to the patterns of 𝜆 in GCMs — a different story emerges. Here, the small bump in507

warming in the deep tropics leads to an excess of energy in the deep tropics (see green lines in508

Fig. 9a). This drives a stronger Hadley Cell in the deep tropics because of an increasing poleward509

heat flux (see green lines in Fig. 9c). The excess energy of the deep tropics cannot be radiated510
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a b

c d

e f

Fig. 9. Mechanisms for the influence of radiative feedbacks on the response of the tropical hydrological

cycle. Changes to (a) the divergence of atmospheric energy transport by the Hadley Cells (∇ · 𝐹 ′
HC) and (b)

gross moist stability (𝐻 ′). Changes to the southward mass transport by the parameterized Hadley Cells, which

is the sum of changes due (c) to the net atmospheric energy transport and (d) to gross moist stability changes.

𝑃−𝐸 changes (e) from Term 1 and (f) Term 2 from (c) and (d), respectively (see Eq. 16). The gold solid line

denotes the uniform warming case. The gold dashed line denotes the polar-amplified warming case. The purple

solid line denotes the polar-amplified warming and Equator warming case. The purple dashed line denotes the

Arctic-amplified warming and Equator warming case.
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away locally and must be exported to higher-latitudes, or regions of more efficient radiative loss.511

However, the structure of 𝜆 determines where this energy can go and hence the response of 𝜓:512

strengthening 𝜓 in the deep tropics more than 𝜓 in the subtropics (see green lines Fig. 9c). In other513

words, the fact that 𝜆 peaks near the equator and tapers off toward the subtropics means that 𝜓514

strengthens slightly more in the deep tropics relative to the subtropics, helping to change its spatial515

structure (Fig. 9c). Furthermore, because 𝑅 𝑓 and 𝐺′ are spatially uniform, any spatial structure in516

𝜆 must be balanced by the spatial structure of ∇ · 𝐹′
HC or 𝑇

′. And because ∇ · 𝐹′
HC contains more517

spatial structure than 𝑇 ′, the pattern of 𝜆 ultimately drives the 𝑃−𝐸 changes through the pattern518

of ∇ · 𝐹′
HC. The change to the spatial structure of 𝜓 acts to increase 𝑃−𝐸 in the deep tropics and519

decrease 𝑃−𝐸 in the subtropics, which narrows the ITCZ region (Fig. 9e).520

Term 2, which represents changes to 𝜓 from gross moist stability changes, is small and cannot521

oppose the changes to 𝜓 in the deep tropics that results from changes to the poleward heat transport522

by the Hadley Cell (Fig. 9d). However, in the subtropics the weakening of 𝜓 outcompetes the523

strengthening of 𝜓 from an increase poleward heat flux (compare Fig. 9c and Fig. 9d). The524

weakening of 𝜓 from Term 2 acts to decrease 𝑃−𝐸 at the edges of the ITCZ region (Fig. 9f). In525

other words, the pattern of radiative feedbacks causes anomalous energy to be exported from the526

tropics to the poles, strengthening𝜓. At the same time, the increase in gross moist stability weakens527

𝜓, but this weakening is confined mainly to the subtropics. This occurs because of larger increases528

to the moist-static energy gradient in the subtropics when compared to the tropics. Together, in529

unison, these two processes determine the degree of ITCZ contraction. These circulation changes530

are similar to Feldl and Bordoni (2016), where the Hadley Cell was found to strengthen in the531

deep tropics and weaken in the subtropics under warming. In Section 4d we directly compare the532

mass-flux changes in the MEBM and GCMs.533

c. Extratropics534

In the extratropics, 𝑃′−𝐸′ from theMEBMand the HS06 approximation are approximately equal547

under uniform warming (Fig. 7a), but are different under polar-amplified warming (Fig. 7b-d).548

Under polar-amplified warming the MEBM predicts less enhancement of high-latitude 𝑃−𝐸 than549

HS06, and is in better agreement with the GCMs (see Fig. 1a and Figs. 3). The MEBM also550

predicts an expansion of the subtropical regions (see Section 1 and 3). To understand how these551
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Fig. 10. Impact of radiative feedback patterns on the extratropical hydrological cycle response. The

pattern of 𝑃′−𝐸 ′ poleward of 30◦S and 30◦N for a pattern of warming: (a) that is uniform; (b) with equal degrees

of polar amplification in the Northern Hemisphere and Southern Hemisphere; (c) with equal degrees of polar

amplification in the Northern Hemisphere and Southern Hemisphere and amplified warming on the equator; and

(d) with more polar amplification in the Northern Hemisphere than Southern Hemisphere and amplified warming

on the equator (see Fig. 7). These are found following Section 4a (see Fig. 7). The blue dashed line denotes the

MEBM solution. The red dashed line denotes the Held and Soden (2006) approximation assuming 𝛼 = 7% K−1

globally. The blue dash-dotted line is the 𝑃′−𝐸 ′ pattern from term one in Eq. (17), which represents changes

to moisture content of the atmosphere with no changes to the transport of moisture. The blue dotted line is the

𝑃′−𝐸 ′ pattern from term two in Eq. (17), which represents changes to the transport of moisture under warming.

The grey dashed line is the 𝑃′−𝐸 ′ pattern with transport changes included in addition to the full spatial structure

of 𝛽 (Eq. 17).
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differences arise, we use an extended version of the simple scaling from HS06, which is detailed552

in Siler et al. (2018). Appendix C contains relevant details of the derivation, but this scaling553

decomposes 𝑃′−𝐸′ in the extratropics into two terms via:554

𝑃′−𝐸′ = 𝛽(𝑃−𝐸)︸    ︷︷    ︸
Term 1

− 1
2𝜋𝑎2

𝐹𝐿

𝑑𝛽

𝑑𝑥︸        ︷︷        ︸
Term 2

, (17)

where:555

𝛽 =

(
𝛼− 2

𝑇

)
𝑇 ′+ 𝑑𝑇 ′/𝑑𝑥

𝑑𝑇/𝑑𝑥 . (18)

Eq. (17) implies that the pattern of 𝑃′−𝐸′ is amplified under global warming by a factor of 𝛽(𝑥).556

Term 1 represents changes to the moisture content of the atmosphere, while Term 2 represents557

changes to the poleward moisture transport by eddies. HS06 argue that Eq. (17) can be simplified558

to Eq. (4) by ignoring changes in the pattern of warming, which means that 𝛽 is approximately559

uniform and thus Term 2 in Eq. (17) is close to zero, making 𝑃′−𝐸′ ≈ 𝛽 (𝑃−𝐸) = 𝛼𝑇 ′ (𝑃−𝐸),560

or exactly Eq. (4). These arguments make sense for uniform warming, which indeed leads to561

Term 2 in Eq. (17) being close to zero and the structure of 𝑃′−𝐸′ is simply the existing pattern562

of 𝑃−𝐸 amplified by the pattern of warming, which is consistent with Fig. 7c. However, under563

polar-amplified warming these arguments make less sense, as strong meridional variations in 𝑇 ′
564

act to alter both Term 1 and Term 2.565

Figure 10 shows a decomposition of 𝑃′−𝐸′ for each pattern of 𝜆 in the Northern and Southern566

Hemisphere extratopics (poleward of 30°) using the two terms in Eq. (17), the MEBM solution,567

and the HS06 approximation from Figure 7. Under uniform warming, where the MEBM and HS06568

approximation are approximately equal, the contribution of changes to the poleward moisture569

transport is relatively small (Fig. 10a). This occurs because 𝑑𝑇 ′/𝑑𝑥 = 0, making 𝛽 relatively570

uniform and thus the transport of moisture (i.e., Term 2 in Eq. 17) is close to zero and contributes571

little to 𝑃′− 𝐸′. However, under polar-amplified warming the MEBM and HS06 approximation572

diverge because of changes to spatial structure of 𝛽 and changes to the poleward moisture transport573

(Fig. 10b-d). Because 𝑇 ′ increases with latitude, the meridional temperature gradient weakens and574

therefore 𝛽 decreases everywhere, which partially offsets the Clausius-Clapeyron effect. A similar575

feature is seen in under an asymmetric pattern of warming (Fig. 10d). When warming is amplified576
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mainly in the Arctic, there is a reduction of 𝑃′−𝐸′ equal to approximately 2 mm year−1 uniformly577

in the Northern Hemisphere extratropics. This decrease in poleward moisture transport reduces578

the enhancement of 𝑃′−𝐸′ in the high latitudes, and brings the MEBM in line with results from579

GCMs.580

d. Connection to CMIP5 hydrological changes581

Armed with a better understanding of processes that set the pattern of 𝑃′−𝐸′ in the tropics and582

extratropics, we now revisit the ability of the MEBM to emulate comprehensive GCMs in CMIP5583

using the same scalings from the previous sections.584

1) Tropical hydrological changes585

Figure 11 shows a decomposition of 𝑃′ − 𝐸′ associated with the three terms of Eq. (14),593

which detail thermodynamic and dynamic changes to 𝑃 − 𝐸 under warming. This is the same594

decomposition shown in Figure 8, but for each individual GCM. Across most GCMs, changes to 𝜓595

are large and have a large impact on the 𝑃−𝐸 changes in the deep tropics. The change in 𝜓 results596

in enhancement of 𝑃− 𝐸 in the deep tropics. Between 5°S and 5°N, changes to 𝜓 contribute to597

an enhancement of approximately 6 mm day−1 in 𝑃−𝐸 . In GCMs with larger 𝑃−𝐸 changes in598

the deep tropics (e.g., ACCESS1.0 and MIROC-ESM), ∇ · (𝜓′𝐿𝑣𝑞) and ∇ · (𝜓′𝐿𝑣𝑞
′) contributes599

to 8− 9 mm day−1 in 𝑃 − 𝐸 changes. Conversely, in GCMs with smaller 𝑃 − 𝐸 changes in the600

deep tropics (e.g., CCSM4 and INM-CM4), ∇ · (𝜓′𝐿𝑣𝑞) and ∇ · (𝜓′𝐿𝑣𝑞
′) contributes 3− 4 mm601

day−1 in 𝑃−𝐸 changes. Additionally, GCMs with stronger hemispheric asymmetry in subtropical602

drying (e.g., GFDL-ESM2M, HadGEM2-ES) exhibit this asymmetry because of the dynamical603

terms (purple line).604

Indeed, 𝑃− 𝐸 changes in the deep tropics are significantly impacted by changes in circulation605

strength. The mechanism for this is detailed in Figure 9 and related to the fact that some GCMs606

exhibit a narrowly peaked pattern of less negative or even positive values in the deep tropics near607

the equator. This radiative feedback pattern implies more strengthening of 𝜓 around the equator608

and less strengthening (or weakening) of 𝜓 in the subtropics, thereby changing the spatial structure609

of 𝜓. In fact, the average feedback value in the deep tropics (averaged between 5°S and 5°N) is610

strongly correlated (𝑟 = 0.68) with the 𝑃′−𝐸′ values between 5°S and 5°N. Similarly, the average611
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Fig. 11. See next page.
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Fig. 11. Tropical hydrological changes in CMIP5. The pattern of 𝑃′−𝐸 ′ between 45◦S and 45◦N for each

GCM. The black line denotes the GCM. The blue dashed line denotes the MEBM solution. The red dotted line

is the 𝑃′−𝐸 ′ pattern from the MEBM with no circulation strength changes and changes to the moisture content

of the atmosphere, ∇ · (𝜓𝐿𝑣𝑞
′). The purple dashed line is the 𝑃′−𝐸 ′ pattern from the MEBM with circulation

strength changes and changes to the moisture content of the atmosphere, ∇· (𝜓 ′𝐿𝑣𝑞) +∇ · (𝜓 ′𝐿𝑣𝑞
′). Note that the

latitude range is confined to 45° as this is where the Hadley Cell parameterization begins to exhibit little-to-no

influence on moisture transport.

586

587

588

589

590

591

592

divergence of the northward column-integrated atmosphere energy transport averaged between 5°S612

and 5°N is also strongly correlated (𝑟 = 0.72) with the 𝑃′−𝐸′ values between 5°S and 5°N. This613

highlights the importance of radiative feedbacks in setting poleward heat transport, which acts to614

strengthen the Hadley Cell circulation in the deep tropics and enhance 𝑃−𝐸 .615

The skill of the MEBM in emulating the Hadley Cell mass-flux changes is further compared with616

the actual streamfunction of the CMIP5 GCMs, which is calculated as:617

𝜓(𝑥, 𝑝) = 2𝜋𝑎
𝑔

√︃(
1− 𝑥2

) ∫ 𝑝𝑠

0
[𝑣] 𝑑𝑝, (19)

where [𝑣] is zonal-mean and time-mean meridional velocity as a function of latitude and pressure618

𝑝. To compare the Hadley Cell mass flux of each GCM with the MEBM, we take the maximum619

magnitude (positive or negative) of the meridional mass streamfunction in Eq. (19) to produce the620

CMIP5 Hadley Cell mass-flux strength 𝜓max(𝑥).621

The strengthening of theHadley Cell in the deep tropics and theweakening of the subtropics in the622

MEBM is consistent with the response from CMIP5 GCMs, but the MEBM tends to underpredict623

changes to 𝜓max in each hemisphere, which can be seen in Figure 12. However, the average mass-624

flux change of theMEBM in the deep tropics of the Southern Hemisphere (20°S− 0°) and Northern625

Hemisphere (0° − 20°N) is well correlated (𝑟 = 0.53 and 𝑟 = 0.67) with the Hadley Cell mass-flux626

change in CMIP5 (Fig. 12). Further work is required to understand the precise reasons why the627

MEBM and the CMIP5 GCMs agree well and how these results connect to the dynamical theories628

of the Hadley Cell circulation. Furthermore, it is unclear here if the pattern of radiative feedbacks629

arise from the circulation changes and the MEBM simply captures this relationship. Nonetheless,630
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the agreement suggests that down-gradient energy transport provides a strong constraint on the631

Hadley Cell mass-flux changes and tropical 𝑃−𝐸 changes.632

a b

Fig. 12. Comparison of the Hadley Cell mass-flux changes. Scatter plots of the area-averaged Hadley Cell

mass-flux change in each GCM and MEBM simulation from (a) 20°S to 0° and (b) 0° to 20°N. The top left

corner of the plot shows the Pearson correlation coefficient between MEBM and GCM.

633

634

635

2) Extratropical hydrological changes636

Figure 13 shows a decomposition of 𝑃′−𝐸′ poleward of 30° into the two terms from Eq. (17),642

which represent changes to the moisture content of the atmosphere and changes to the poleward643

moisture flux. This is the same decomposition shown in Figure 10, but for each individual GCM.644

Across all GCMs it is evident that reduced poleward moisture transport helps to align the MEBM645

with GCMs. The poleward moisture transport (i.e., Term 2) decreases in both hemispheres across646

most GCMs and accounts for 1−2 mm day−1 decrease in 𝑃−𝐸 . The reduced poleward moisture647

transport also causes the expansion of the subtropics in each GCM, which is shown by the more648

poleward latitude of 𝑃 − 𝐸 = 0. While not shown in Figure 12, GCMs with a stronger polar649
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b

Fig. 13. See next page.
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Fig. 13. Extratropical hydrological changes in CMIP5. The pattern of 𝑃′−𝐸 ′ poleward of 30°. The black

line denotes the GCM response. The blue dashed line denotes the MEBM solution. The blue dash-dotted line is

the 𝑃′−𝐸 ′ pattern from term one in Eq. (17) using MEBM otuput, which represents changes to moisture content

of the atmosphere with no changes to the transport of moisture. The blue dotted line is the 𝑃′−𝐸 ′ pattern from

term two in Eq. (17) using MEBM output, which represents changes to the transport of moisture under warming.

637

638

639

640

641

amplification tend to have a stronger reduction in the poleward moisture transport, and stronger650

subtropical drying.651

5. Discussion and conclusions652

Changes to 𝑃−𝐸 over the 21st century are predicted to impact ecosystems and socioeconomic653

activities throughout the world. While it is expected that, broadly, dry regions will get drier and654

wet regions will get wetter, the magnitude and spatial structure of 𝑃−𝐸 changes remains uncertain.655

In this paper, we examined the response of 𝑃 − 𝐸 to warming using a modified MEBM that656

reroutes moisture transport in the deep tropics with a Hadley-Cell parameterization (Siler et al.657

2018). We showed that the MEBM accurately emulates 𝑃−𝐸 changes and accounts for a majority658

of the intermodel variance in 𝑃−𝐸 changes as simulated by GCMs under greenhouse-gas forcing.659

We then used theMEBM to identify sources of uncertainty in the pattern of 𝑃′−𝐸′ under warming.660

Using zonal-mean patterns of radiative forcing 𝑅 𝑓 , ocean heat uptake 𝐺′, and the net radiative661

feedback 𝜆 from a suite of GCMs under 4 × CO2, we showed that the MEBM accounts for the662

majority of the intermodel variance in 𝑃 − 𝐸 in the deep tropics, subtropics, and extratropical663

high-latitudes. The intermodel spread in 𝑃′−𝐸′ in these regions arises primarily from intermodel664

differences in 𝜆, with 𝑅 𝑓 and 𝐺′ playing secondary roles. However, in regions where regional665

ocean circulation shapes the rate of warming, 𝐺′ can account for 30− 40% of the intermodel666

variance in 𝑃−𝐸 changes. Finally, by confining the intermodel spread of 𝜆 to different regions, we667

showed that intermodel variations in tropical 𝜆 impact 𝑃−𝐸 changes globally, whereas intermodel668

variations in polar 𝜆 mainly impact 𝑃−𝐸 changes in the poles.669

Motivated by the fact that 𝜆 plays a leading role in setting the pattern of 𝑃−𝐸 , we constructed670

a set of idealized 𝜆 patterns and used some extended scalings to further investigate the processes671

impacting 𝑃′−𝐸′. We demonstrated that 𝑃−𝐸 changes depend crucially on the meridional pattern672

of warming and the anomalous net energy input into the atmosphere. Under uniform warming,673
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𝑃−𝐸 changes at approximately the Clausius-Clapeyron rate, consistent with the thermodynamic674

scaling first introduced by HS06. However, under polar-amplified warming, moisture transport675

to the high-latitudes decreases, causing less of an increase in 𝑃 − 𝐸 in the high-latitudes when676

compared to the HS06 approximation. Interestingly, when 𝜆 is less negative near the equator and677

begins to taper off in the subtropics, 𝑃−𝐸 in the deep tropics increases and the ITCZ region narrows,678

deviating strongly from the thermodynamic scaling of HS06. This occurs because the anomalous679

net energy input into the atmosphere cannot be radiated away locally at the equator, which means680

the Hadley Cell mass flux 𝜓 must strengthen in the deep tropics to transport that excess energy681

away. However, the concurrent increase in gross moist stability, which weakens 𝜓, outcompetes the682

poleward heat transport changes in the subtropics, where moist-static energy gradients are stronger.683

These two processes change the spatial structure of 𝜓 and cause a convergenece of moisture in the684

deep tropics, increasing 𝑃− 𝐸 in the tropics and decreasing 𝑃− 𝐸 in the subtropics. Of course,685

it is possible that the 𝜆 patterns themselves result from these circulation changes, and our results686

simply confirm the tightly coupled nature of hydrological changes and radiative response in the687

deep tropics. Still, our results demonstrate the importance for circulation changes and how radiative688

feedbacks relate to them. More work is required to understand whether the circulation responses689

give rise to the radiative feedbacks and the radiative feedbacks simply reflect these changes. Finally,690

under asymmetric warming, where warming is more amplified in the Arctic when compared to691

the Antarctic, we find the subtropics dry less in the Northern Hemisphere when compared to692

the Southern Hemisphere. This mimics the hemispheric asymmetry of subtropical drying seen693

in GCMs and is traced to the asymmetric response of the changing atmospheric circulation.694

These circulation-strength changes can be understood as a consequence of the demands of overall695

downgradient energy transport, as encapsulated in the MEBM.696

Our study has several implications. Given the role of polar amplification in setting the magnitude697

of the poleward moisture flux, the large spread in Arctic amplification among GCMs (Pithan and698

Mauritsen 2014; Bonan et al. 2018; Feldl et al. 2020) may also explain the large uncertainty in 𝑃−𝐸699

changes, particularly for the Northern Hemisphere extratropics. Similarly, the relative warming700

of the Arctic versus the Antarctic, and the processes contributing to this asymmetry may explain701

intermodel differences in the amount of subtropical drying between each hemisphere by affecting702

the poleward heat flux, and thus the strength of the Hadley Cell circulation. Furthermore, the role703
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that radiative feedbacks play in setting 𝑃− 𝐸 changes under warming suggests that studying the704

effect of each individual radiative feedback may help identify limits of the “wet-gets-wetter, dry-705

gets-drier” paradigm, and offer insights into potential biases in GCMs. Finally, our results indicate706

that changes to large-scale tropical circulations can be energetically-constrained with a simple rule707

of downgradient energy transport, and that this rule helps to explain the narrowing of the ITCZ708

and hemispheric asymmetry in subtropical drying. Understanding how energetic constraints can709

be used to understand other dynamical features in GCMs (e.g., Feldl and Bordoni 2016) or the710

seasonality of 𝑃−𝐸 changes should be the subject of future work.711

This study, however, contains a few caveats. In the MEBM the spatial patterns of 𝑅 𝑓 , 𝜆,712

and 𝐺′ are prescribed and do not change over time. Thus, we are unable to consider transient713

𝑃 − 𝐸 changes under global warming or the extent to which the spatial patterns of 𝜆 and 𝐺′
714

are truly independent of atmospheric energy transport and the circulation responses themselves.715

Furthermore, the assumption that 𝐷 is spatially uniform and invariant under warming is surely a716

crude approximation. Previous work has shown that 𝐷 can be approximately 75% larger in the717

mid-latitudes when compared to the subtropics (Frierson et al. 2007; Peterson and Boos 2020)718

and can affect the degree of meridional shifts in tropical rainfall (Peterson and Boos 2020). 𝐷719

has also been shown to decrease under sustained greenhouse-gas forcing (Shaw and Voigt 2016;720

Mooring and Shaw 2020). Future work might explore the impact of spatial patterns of 𝐷. Finally,721

the Hadley Cell parameterization is limited as it does not account for (1) changes between latent-722

energy transport accomplished by eddies and the Hadley Cell under warming; or (2) changes to the723

structure of upper-tropospheric moist-static energy under warming. For instance, the disagreement724

between subtropical 𝑃′−𝐸′ in MEBM and GCMs is likely related to the fact that the Hadley Cell725

mass-flux change is small outside of the deep tropics and systematically underestimated in the726

MEBM. Future work might also explore the impact of allowing for the Hadley Cell edge to change727

under warming (e.g., O’Gorman and Schneider 2008; Mbengue and Schneider 2018) or better728

parameterizations of gross moist stability like making it proportional to the meridional gradient in729

moist static energy (e.g., Frierson 2008) and unique to each GCM.730

Despite these shortcomings, the fact that the MEBM emulates 𝑃− 𝐸 changes as simulated in731

GCMs under greenhouse-gas forcing, suggests that theMEBMand the processes it represents offers732

a parsimonious understanding of the causes of hydrological change that is distinct from the simple733
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thermodynamic scaling that results in the “wet-gets-wet, dry-gets-drier” paradigm. Specifically, in734

this paper, we showed how the MEBM captures changes to moisture transport in both the tropics735

and high-latitudes that is not captured in other hydrological scalings. This work demonstrates that736

the spatial structure of radiative feedbacks can greatly impact changes to the strength of the Hadley737

Cell circulation, acting to increase 𝑃 − 𝐸 in the deep tropics, decrease 𝑃 − 𝐸 in the subtropics,738

and narrow the ITCZ. This work also demonstrates the utility of downgradient energy transport to739

examine drivers of the intermodel spread in 𝑃−𝐸 changes. Our results suggest that, for as long as740

tropical feedbacks and polar amplification remain uncertain and poorly constrained among GCMs,741

projections of the spatial pattern of hydrological change will also remain uncertain. More broadly,742

our results imply that downgradient energy transport and energetic constraints on the strength of743

the Hadley Cell circulation provide an alternative and perhaps more fundamental explanation for744

the response of 𝑃−𝐸 to climate change.745

APPENDIX A746

CMIP5 output747

We use monthly output from 20 different GCMs participating in Phase 5 of the Coupled Model748

Intercomparison Project (CMIP5; Taylor et al. 2012). This subset of GCMs reflects those that749

provide the necessary output for calculating 𝑅 𝑓 (𝑥), 𝐺′(𝑥), and 𝜆(𝑥). For each GCM, we calculate750

anomalies in each variable, denoted by prime, as the difference between the variable averaged751

over a preindustrial control simulation and the variable averaged over the last 25 years of 4 × CO2752

simulations (years 126−150). All variables are annual- and zonal- means computed from monthly753

output. The variables include: all-sky shortwave and longwave radiation at the surface and top of754

atmosphere (rsds, rsus, rsdt, rsut, rlds, rlus, rlut), sensible and latent heat fluxes (hfss, hfls), sea755

surface temperature (tos), near-surface air temperature (tas), precipitation (pr), and evaporation756

(evs).757

𝑅 𝑓 (𝑥) is calculated from the change in top of atmosphere (TOA) radiation in 4×CO2 simulations758

performed with fixed preindustrial sea-surface temperatures (Siler et al. 2019). 𝐺′(𝑥) is calculated759

as the change in net surface heat fluxes in 4 × CO2 simulations performed in fully coupled GCMs.760

𝜆(𝑥) is calculated by equating the zonal-mean net TOA radiation anomaly with 𝜆(𝑥)𝑇 ′(𝑥) +𝑅 𝑓 (𝑥).761

Figure A1 shows the patterns of 𝑅 𝑓 (𝑥), 𝐺′(𝑥), and 𝜆(𝑥) for each GCM.762
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Fig. A1. Input to the moist energy balance model. The zonal-mean profile of (a) radiative forcing (𝑅 𝑓 ),

(b) ocean heat uptake (𝐺 ′), and (c) the net radiative feedback (𝜆) from 20 CMIP5 GCMs 126−150 years after

an abrupt quadrupling of CO2. The grey lines represent each individual GCM and the colored lines denote the

multi-model mean.
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APPENDIX B767

Climatological Hadley Cell parameterization768

In the main text, we introduce the Hadley Cell parameterization using the perturbation version of769

the MEBM. However, the mass transport of the Hadley Cell and thus the pattern of 𝑃′−𝐸′ depends770

to some extent on the climatological state via Eq. (10) and Eq. (11). To account for this, we use771

a climatological version of the MEBM to estimate the climatological state of each GCM. This is772

done by first calculating the net heating of the atmosphere𝑄net(𝑥), which is the difference between773

the net downward energy flux at the TOA and the surface in preindustrial control simulations774

(see Appendix A). Because the northward column-integrated atmospheric energy transport 𝐹 is775

assumed to be related to the meridional gradient in ℎ, the climatological version of the MEBM776

(with a constant 𝐷) is:777

𝑄net(𝑥) = − 𝑝𝑠

𝑎2𝑔
𝐷

𝑑

𝑑𝑥

[
(1− 𝑥2) 𝑑ℎ

𝑑𝑥

]
. (B1)

The MEBM climatological values of 𝑇 (𝑥) and 𝑞(𝑥) (assuming relative humidity is fixed at 80%)778

can be found by minimizing the difference between the zonal-mean near-surface air temperature779

and𝑄net from each GCM using Eq. B1. A similar procedure as described in Section 2 is then used780

to calculate 𝜓(𝑥), 𝐻 (𝑥), and 𝑃−𝐸 except that the poleward heat flux and moisture flux take the781

form of:782

𝐹HC(𝑥) = 𝜓(𝑥)𝐻 (𝑥), (B2)

and783

𝐹𝐿,HC(𝑥) = 𝜓(𝑥)𝐿𝑣𝑞(𝑥), (B3)

respectively. Note that here 𝐷 is unique to each GCM. For Section 3, the value of 𝐷 is unique784

to each GCM and for Section 4, the value of 𝐷 is 1.05 × 106 m2 s−1 (i.e., the multi-model mean785

value). For Section 3, the climatological variables are unique to each GCM and for Section 4, the786

climatological variables are the multi-model mean patterns and made to be symmetric about the787

equator.788

APPENDIX C789

Diffusive energy transport scaling790
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The scaling in Eq. (17) was first derived by HS06 and can be found through the following791

arguments. First, by assuming that moisture and temperature are diffused with the same diffusivity,792

the ratio of the latent heat transport 𝐹𝐿 to the sensible heat transport 𝐹𝑆 will be the ratio of the793

meridional gradient of 𝐿𝑣𝑞 to the meridional gradient of 𝑐𝑝𝑇 , meaning:794

𝐹𝐿

𝐹𝑆
=
𝐿𝑣

𝑐𝑝

𝑑𝑞

𝑑𝑇
, (C1)

where795

𝑑𝑞

𝑑𝑇
=
𝑑𝑞/𝑑𝑥
𝑑𝑇/𝑑𝑥 . (C2)

Because the Clausius-Clapeyron equation states that:796

𝑑𝑞

𝑑𝑇
= 𝛼𝑞, (C3)

the fractional change in the moisture transport under warming can be approximated as:797

𝐹′
𝐿

𝐹𝐿

≈ (𝛼𝑞)′
𝛼𝑞

+
𝐹′
𝑆

𝐹𝑆
, (C4)

which can be re-arranged to be:798

𝐹′
𝐿

𝐹𝐿

≈
(
𝛼− 2

𝑇

)
𝑇 ′+

𝐹′
𝑆

𝐹𝑆
. (C5)

Thus, the change in moisture transport under warming can be written as:799

𝐹′
𝐿 (𝑥) ≈ 𝛽𝐹𝐿 (𝑥), (C6)

where800

𝛽 =

(
𝛼− 2

𝑇

)
𝑇 ′+ 𝑑𝑇 ′/𝑑𝑥

𝑑𝑇/𝑑𝑥 . (C7)

Note that the fractional change in sensible heat transport is now written in terms of the gradient in801

near-surface air temperature. Finally, the change in 𝑃−𝐸 under warming can be found by taking802
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the divergence of Eq. (C6) which, together with Eq. (C7), results in:803

𝑃′−𝐸′ = 𝛽(𝑃−𝐸)︸    ︷︷    ︸
Term 1

− 1
2𝜋𝑎2

𝐹𝐿

𝑑𝛽

𝑑𝑥︸        ︷︷        ︸
Term 2

. (C8)

Here, Term 1 represents changes to the moisture content of the atmosphere under warming and804

Term 2 represents changes to the poleward moisture flux under warming. HS06 argue that the805

dependence of the saturation vapor pressure on 𝑇 and the fractional change of sensible-heat806

transport in Eq. (C7) are small and can be ignored. They also argue that because the pattern807

of warming is relatively uniform, the second term on the right hand side of Eq. (C8), which808

represents changes to the transport of moisture, is close to zero. Removing these terms results809

in 𝑃′ − 𝐸′ = 𝛽 (𝑃−𝐸) = 𝛼𝑇 ′ (𝑃−𝐸), which is exactly Eq. (4). Thus, for the extratopics, the810

HS06 scaling and the MEBM differ because of the pattern of temperature change 𝑇 ′ and the811

climatological pattern of 𝑇 , which determine the moisture content of the atmosphere and poleward812

moisture transport.813
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