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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 are
predicted to impact ecosystems and socioeconomic activities throughout the world. While it is
broadly expected that dry regions will get drier and wet regions will get wetter, the magnitude
and spatial structure of these changes remains uncertain. In this study, we use an idealized
climate model, which makes an assumption about how energy is transported in the atmosphere, to
understand the processes setting the pattern of precipitation and evaporation under global warming.
We first use the idealized climate model to explain why comprehensive climate models predict
different changes to precipitation and evaporation across a range of latitudes. We show this
arises primarily from climate feedbacks, which act to amplify or dampen the amount of warming.
Ocean heat uptake and radiative forcing play secondary roles, but can account for a significant
amount of the uncertainty in regions where ocean circulation influences the rate of warming. We
further show that uncertainty in tropical feedbacks (mainly from clouds) affects changes to the
hydrological cycle across a range of latitudes. We then show how the pattern of climate feedbacks
affects how the patterns of precipitation and evaporation respond to climate change through a set of
idealized experiments. These results show how the pattern of climate feedbacks impacts tropical
hydrological changes by affecting the strength of the Hadley circulation and polar hydrological

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

1. Introduction

The hydrological cycle, which describes the continuous movement of water on Earth, is a key
component of the climate system. A fundamental measure of the hydrological cycle is the net
water flux into the surface, which is equal to the difference between precipitation and evaporation
(P - E). The magnitude and spatial pattern of P — E affects the formation of water masses in the
ocean (e.g., Schmitt et al. 1989; Large and Nurser 2001; Abernathey et al. 2016; Groeskamp et al.
2019), the salinity and stratification of the ocean’s mixed layer (e.g., de Boyer Montégut et al.
2007), and the amount of runoff or availability of water over the land (e.g., Dai and Trenberth
2002; Field and Barros 2014). P — E can also modulate transient climate change through changes
in upper-ocean salinity, which impacts the degree of ocean heat uptake by changing the vertical
stratification of the ocean (e.g., Liu et al. 2021). The magnitude and spatial pattern of P — E has

been dramatically different in past climate states (e.g., Winguth et al. 2010; Boos 2012; Carmichael



57

58

59

60

61

62

63

64

65

66

67

68

69

70

7

72

73

74

75

76

77

et al. 2016; Burls and Fedorov 2017) and is predicted to change substantially over the next century
(e.g., Mitchell et al. 1987; Chou and Neelin 2004; Held and Soden 2006; Byrne and O’Gorman
2015; Siler et al. 2018).

In response to increased greenhouse-gas concentrations, state-of-the-art global climate models
(GCMs) consistently predict enhanced tropical precipitation and reduced subtropical precipitation,
particularly over the oceans. Held and Soden (2006) explained that this “wet-gets-wetter, dry-
gets-drier” paradigm can be understood by assuming that the change in P — E with warming is
due primarily to the change in moisture content of the atmosphere, with little contribution from
changes in atmospheric circulations. A simple scaling for these changes can be derived from the
fact that on climatological time scales, P — E is equal to the convergence of the mass-weighted,

vertically integrated moisture flux Fy :

P-E=-V-F,. (1)

As discussed in Held and Soden (2006) (hereafter referred to as HS06), the scaling arises by
assuming the change in F; is dominated by the change in lower-tropospheric specific humidity,
with no changes in relative humidity and atmospheric circulation. These constraints mean that, as

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

F, ~aT'Fp, 2)

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

3)

is the Clausius-Clapeyron scaling factor, where L, is the latent heat of vaporization (2.5 x 10°
J kg™, R, is the gas constant of water vapor (461.5 J kg~! K1), and T is the near-surface
air temperature. For typical atmospheric temperatures, @ ranges from around 6 % K~! (when
T =30°C) to more than 9 % K~! (when T = —30°C). If one assumes that gradients in @ and 7" are

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

P —E' ~aT' (P-E). 4

Eq. (4) implies that a spatially uniform increase in precipitable water will enhance the existing
pattern of P — E: increasing P — E in the tropics and high latitudes and decreasing P — E in the
subtropics (e.g., Chou and Neelin 2004; Emori and Brown 2005; Held and Soden 2006; Seager
etal. 2010). Eq. (4) also implies that the climatological boundaries of where P — E = 0 will remain
fixed.
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Fic. 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 CO; relative to the pre-industrial average (black). The HS06 approximation (red dashed line) is
calculated from Eq. (4) and found by applying the multi-model zonal-mean change in near-surface air temperature
from the abrupt quadrupling of CO; (black line in panel b) and the multi-model mean P — E climatology from
the preindustrial-control simulations (panel ¢) assuming & = 7 % K~! 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 (7”) 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.
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HSO06 found that Eq. (4) broadly captured the spatial structure of P’ — E” as simulated by coupled
GCMs under rising greenhouse-gas concentrations. Figure 1a shows the multi-model mean pattern
of P’ — E’ averaged over years 126 — 150 after an abrupt quadrupling of CO; (4 x CO,) for 20 GCMs
participating in phase 5 of the Coupled Model Intercomparison Project (CMIPS5). Under global
warming, GCMs show increasing P — E in the tropics and high latitudes and decreasing P — E in
the subtropics (see black line in Fig. 1a). The red dashed line shows the HS06 approximation from
Eq. (4) using the multi-model mean patterns of 7’ (Fig. 1b) and P — E (Fig. 1c) from the same
20 GCMs, assuming that @ = 7% K~! everywhere. While the approximation indeed captures the
overall spatial pattern of P’ — E’ in GCM simulations of global warming, there are a few aspects
that are not captured. Namely, Eq. (4) predicts P — E changes that are too large in the Northern
Hemisphere extratropics and in the subtropical regions of both hemispheres, and predicts P — E
changes that are too small in the tropics and the Southern Hemisphere extratropics. Furthermore,
Eq. (4) does not capture other robust features of P — E changes as seen in GCMs, such as the
poleward expansion of the subtropics (defined by the boundary of where P — E = 0; Lu et al.
2007; Kang and Lu 2012), a poleward shift of the P — E maximum associated with the midlatitude
storm tracks (Lu et al. 2010; Chang et al. 2012; Mbengue and Schneider 2013, 2017, 2018), and a
contraction of the Inter-tropical Convergence Zone (ITCZ; Byrne and Schneider 2016b).

Some of the differences between the patterns of P’ — E’ predicted by Eq. (4) and simulated
by GCMs have been reconciled through additional terms that account for the spatial pattern of
temperature change or changing atmospheric circulations. For instance, Boos (2012) showed that
including the pattern of temperature change is necessary for understanding P — E changes at the Last
Glacial Maximum, where ice sheets greatly altered horizontal temperature gradients. Similarly,
Byrne and O’Gorman (2015) showed that changes to the patterns of temperature and relative
humidity are important when considering the response of P — E to warming over land, where
warming is generally amplified and relative humidity generally decreases. Byrne and O’Gorman
(2015) also noted that over land traditionally dry regions, such as deserts, may actually become
wetter due to these additional terms. However, these modifications to the HS06 approximation
are still fundamentally thermodynamic, and do not account for the potential impact of dynamical
changes on the pattern of P — E. For example, the additional terms in Byrne and O’Gorman (2015)

do not predict the increase in tropical P — E that GCMs suggest. Other studies have shown that
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changing atmospheric circulations play an important role in determining the degree of subtropical
expansion and narrowing of the ITCZ (Seager et al. 2010; Seager and Vecchi 2010), as well as
poleward shifts in the mid-latitude storm tracks (Scheff and Frierson 2012).

More recently, Siler et al. (2018) simulated the change in zonal-mean P — E using a moist energy
balance model (MEBM). The key physical processes in the MEBM is that it reflects the overall
downgradient transport of moist-static energy in the atmosphere. The MEBM also includes a
simple Hadley Cell parameterization, which transports latent energy diffusively down-gradient in
the mid- to high-latitudes but allows for latent energy to travel up-gradient in the tropics. Siler et al.
(2018) showed that the MEBM accurately emulates P — E changes as simulated by comprehensive
CMIP5 GCMs under global warming and better emulates these changes when compared to the
HSO06 approximation (see blue dashed line in Fig. 1a). In particular, the MEBM correctly simulates
the larger increase in P — E in the deep tropics and more muted P — E changes in the Northern
Hemisphere extratropics (Fig. 1a). The MEBM also predicts the GCM expansion of the subtropics
both equatorward and poleward, which can be seen in Fig. 1a as regions where P’ — E’ < 0 extend
across the dash-dot vertical lines (i.e., P — E =0 in the climatology). Likewise, the dotted vertical
lines in Fig. 1a denote the location of maximum P — E in the climatology, and a similar comparison
with P’ — E’ shows that there is a poleward shift in the maximum P — E. Siler et al. (2018) argued
that polar amplification — which is a robust feature of global warming — affects P’ — E’ by
weakening the temperature dependence of the Clausius-Clapeyron relation and also decreasing
the poleward moisture transport. This helps to explain why there is reduced high-latitude P — E
changes and why the subtropical regions expand under warming in the MEBM and GCMs, when
compared to the HS06 approximation. However, it is still unclear why the pattern of P’ — E” from
the MEBM is in better agreement with GCMs than Eq. (4) in the deep tropics, capturing increasing
P — E in the deep tropics and a narrowing of the ITCZ region (Fig. 1a). Indeed, large-scale
circulation features like the Hadley Cells dominate latent energy transport in the deep tropics.
This leads to a key question: How important are changes to the strength of the Hadley Cells for
P — E changes in the tropics? Previous work (e.g., Byrne and Schneider 2016a,b) has shown that
energetic arguments can be invoked to understand processes contributing to a narrowing of the
ITCZ, but it remains unclear what energetic processes are driving these circulation changes and

how these circulation changes relate to P — E changes. Other studies have also demonstrated that
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Hadley Cell changes and ITCZ narrowing are likely related to radiative changes (Lau and Kim
2015; Su et al. 2014, 2019), but there remains a gap in our understanding of how these energetic
constraints impact P — E changes.

Better understanding processes that set the pattern of P’ — E’ may also help reduce uncertainty in
future precipitation projections as sources of intermodel spread can be identified. Current GCMs
exhibit a large intermodel spread in the pattern of P’ — E’ under global warming, and the exact
reason for this spread remains unknown (Prein and Pendergrass 2019). Previous studies have
shown that tropical radiative feedbacks contribute to uncertainty in the amount of warming that is
nearly spatially uniform, while polar radiative feedbacks contribute to uncertainty in the amount
of warming that is confined to the poles (Roe et al. 2015; Bonan et al. 2018). Yet, an important
question remains unanswered: What processes constitute the greatest sources of uncertainty in the
pattern of P’ — E” under climate change? The ability of the MEBM to emulate the pattern of P’ — E’
simulated by GCMs under greenhouse-gas forcing (see Fig. 1a) suggests the MEBM can also be
used to examine drivers of uncertainty in P’ — E’.

In this paper, we have two specific aims:

1. We identify sources of intermodel spread in the pattern of P’ — E’ under global warming.
To do this, we first show that the MEBM is able to account for a majority of the intermodel
variance in P’ — E’ across a range of latitudes for GCMs under 4 x CO,. We then link the

intermodel spread in P’ — E’ to radiative feedbacks, radiative forcing, and ocean heat uptake.

2. We further investigate differences between the simple thermodynamic perspective introduced
by HS06 and the downgradient energy transport perspective introduced by Siler et al. (2018).
Specifically, we use the MEBM to consider how the pattern of radiative feedbacks impacts the
pattern of P’ — E’ in the tropics and extratropics. We show that changes to the net heating of the
atmosphere and gross moist stability act to strengthen and weaken the Hadley Cell in different
regions, which alters moisture transport to the tropics, narrows the ITCZ and increases P — E
in the deep tropics. We also show how changes in the meridional temperature gradient alters

poleward moisture transport.

The paper is structured as follows. In Section 2, we describe the MEBM and Hadley Cell
parameterization. In Section 3, we assess the skill of the MEBM in emulating GCMs under

greenhouse-gas forcing and use the MEBM to identify sources of uncertainty in the pattern of
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P’ —E’. In Section 4, we examine how the pattern of radiative feedbacks impacts P — E changes in
the deep tropics and extratropics using a set of simple scalings and compare these results to output

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

2. A modified moist energy balance model

A series of studies have shown that downgradient energy transport by the atmosphere is remark-
ably successful at emulating the zonal-mean climate, and its response to greenhouse-gas forcing
(Flannery 1984; Hwang and Frierson 2010; Roe et al. 2015; Siler et al. 2018; Bonan et al. 2018;
Merlis and Henry 2018; Armour et al. 2019; Russotto and Biasutti 2020; Lutsko et al. 2020; Hill
et al. 2022; Beer and Eisenman 2022). When applied to climate change, the MEBM assumes that
the anomalous northward column-integrated atmospheric energy transport F’(x) is proportional
to the meridional gradient of anomalous near-surface moist static energy h’ = ¢,T’+ L,q’, which

gives:

F'(x) = 2’;’“1) (1 —xz) ‘;’:, (5)
where ¢, is the specific heat of air (1005 J kg=! K1), ¢’ is the anomalous near-surface specific
humidity (assuming fixed relative humidity of 80%), p; is surface air pressure (1000 hPa), g is
the acceleration due to gravity (9.81 m s72), D is a constant diffusion coefficient (with units of m?
s™1), x is sine latitude, and 1 —x? accounts for the spherical geometry.

Under warming, the anomalous heating of the atmosphere must be balanced by the divergence
of F'(x). We define R/(x) as the local top-of-atmosphere (TOA) radiative forcing; A(x) as the
local radiative feedback, defined as the change in net upward TOA radiative flux per degree of
local surface warming (W m 2K _1); and G’(x) as the change in net surface heat flux, which is

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

terms (i.e., the anomalous heating of the atmosphere) with the divergence of Eq. (5) gives:
Ry(x) =G (x)+A(x)T"(x) =V - F'(x), (6)

which is a single differential equation that can be solved numerically for 77(x) and F’(x) given

patterns of Ry(x), G’(x), and A(x) and a value of D.
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Fic. 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 the Hadley Cell Fyc(x) and a component due to eddies Fgppy (x). A streamfunction
¥ is then approximated using assumptions about gross moist stability (see Section 2 and Appendix B).  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.

To simulate a realistic hydrological cycle, we follow Siler et al. (2018) and Armour et al.
(2019) and define a Gaussian weighting function w(x) that partitions the transport of anomalous
latent and dry-static energy within the tropics. A schematic depicting the mean-state Hadley Cell
parameterization is shown in Figure 2. Following Siler et al. (2018), we divide F’(x) into a
component due to the Hadley Cells F};~(x) and a component due to the eddies F{y (x), and
define w(x) as the fraction of total energy transport that is accomplished by the Hadley Cells at a
given latitude:

Flic(x) =w(x)F’(x) and F{ppy (x) = (1 -w(x)) F'(x), @)
and

_2
w(x) =exp (O_—XZ) , )]

X

10
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where o, 1s a width parameter, which we set to 0.30 following Siler et al. (2018). In this formulation,
eddies account for essentially all anomalous energy transport poleward of 45°S and 45°N, while
the Hadley Cell accounts for most anomalous energy transport between 10°S and 10°N. In this
way, the overall downgradient transport of 4’ is maintained, but latent energy is properly routed
with a fixed w. Note that this formulation explicitly leaves out representation of the extratropical
components of the mean meridional circulation (i.e., Ferrel and polar cells) and does not allow for
the extent of the Hadley Cell to change under warming.

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

equal to:

Frc(x) = ¢ (x)H(x), €))

where i (x) is the mass transport (kg s~!) in each branch of the Hadley Cell and H(x) is the gross
moist stability, defined as the difference between / in the upper and lower branches at each latitude
(see details below). However, because we are considering P — E changes under warming, the

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

Fisc(¥) = ¢/ () H(x) + () H' (x) +y/ () H' (x), (10)

where ¢’ (x) is the anomalous mass transport (kg s~!) in each branch of the Hadley Cell and
H’(x) is the anomalous gross moist stability (i.e., the difference between A’ in the upper and lower
branches at each latitude). Note that we have written Eq. (10) in terms of a perturbation around the
climatological mean-state. Appendix B details how the climatological state is approximated using
the MEBM. In Section 3, we use the climatological state of each GCM. For the idealized analyses
of Section 4, the climatological state is equivalent to the multi-model mean climatological state of
the 20 CMIP5 GCMs under preindustrial conditions, but symmetric about the equator so as not to
introduce hemispheric asymmetries.

Following Held (2001), we assume that anomalous upper tropospheric moist-static energy is
uniform in the tropics with a constant value of A,. Thus, variations in H’(x) are due entirely to
meridional variations in &’ giving H’(x) ~ hj — h’(x), where hj = 1.08 X h’(0), or 8% above A’ at
the equator (x = 0). Note that this value is slightly higher than the value used by Siler et al. (2018),
which is 6% above A’ at the equator, but was found to better emulate P’ — E” in GCMs. Each GCM

11
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uses the same scaling factor. Higher scaling factors result in weaker Hadley Cell mass fluxes and

less tropical P — E. The anomalous latent energy transport by the Hadley Cell F; ,~(x) is thus:

Fl pc(x) =- (l//’(x)LvE(X) +y(x)Lyq' (x) +¢f’(x)qu’(x)) . (a1

The assumption about moisture transport holds because the upper branch of the Hadley Cell is
essentially dry, meaning anomalous latent energy transport is confined to the lower branch. With
this simple Hadley Cell parameterization, the anomalous latent energy transport can be obtained

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

Fi(x)= Fi,HC (x) +Fi,EDDY (x). (12)

The divergence of F; (x) (Eq. 12) then yields the change in P - E:

L ary

P-E =V F (x)=- :
(%) 2ra? dx

(13)

The essential feature of the MEBM framework is that it allows for a self-consistent representation
of atmospheric heat transport, while allowing us to examine how different factors, such as the
patterns of A, G’, Ry, and T’ impact that pattern of P’ — E”. It also important to note this framework

ensures that P’ = E’ globally.

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

We first assess the ability of the MEBM to emulate a suite of comprehensive GCMs under
greenhouse-gas forcing largely following Siler et al. (2018). To do this, we compute the model-
specific patterns of Ry, G’, and A from 20 different CMIP5 GCMs (see Appendix A) and calculate
the P’ — E’ pattern from the MEBM defined in Section 2. Note, for this section we use model-
specific values of D and climatological states from a climatological version of the MEBM (see
Appendix B).

Figure 3 shows the pattern of P’ — E’ from each GCM, the MEBM solution, and the HS06
approximation. While the overall pattern of “wet-gets-wetter, dry-gets-drier” is similar across

both the HS06 approximation and MEBM, there is much better agreement between GCMs and

12
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Fic. 3. Response of the hydrological cycle to global warming in a moist energy balance model. The
pattern of P’ — E’ in 20 CMIPS5 simulations 126 — 150 years after an abrupt quadrupling of CO,. 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.

the MEBM than between GCMs and the HS06 approximation. For example, in GCMs with large
values of P’ — E’ in the deep tropics (e.g., ACCESS-1.0, CanESM2, CSIRO-Mk3.6.0, and MIROC-
ESM) there is a good agreement between the MEBM and GCMs that is not captured by the HS06
approximation, suggesting that the MEBM is capturing changes in latent energy transport that the
HS06 approximation leaves out. The MEBM also captures a narrowing of the ITCZ region, which
occurs in every GCM analyzed here, and can be inferred from Fig. 3 because P’ — E’ is negative
at the equatorward climatogical P — E = 0 line (dash-dot line in each panel). In the extratropical
regions, the MEBM captures, better than the HS06 approximation, the more muted P — E changes
also shown by GCMs (e.g., ACCESS-1.3, CCSM4, HadGEM2-ES). The MEBM also broadly
captures the expansion of the subtropical regions in each GCM.

To quantitatively compare the pattern of P’ — E’ from each individual GCM, the MEBM solution,
and the HS06 approximation, we take area-weighted averages of P’ — E’ in five distinct regions
that represent the extratropical regions (90°S to 45°S and 45°N to 90°N), the subtropics (45°S
to 10°S and 10°N to 45°N) and the deep tropics (10°S to 10°N). In the extratropical regions, the
MEBM accounts for approximately 70% of the intermodel variance while the HS06 approximation
accounts for none (Fig. 4a and 4e). In the subtropics, the MEBM accounts for less intermodel
variance (r2 ~ (0.60; Fig. 4b and 4d), but still far more than the HS06 approximation (r2 ~0.10). In
the deep tropics, where the MEBM solution predicts larger increases in P — E when compared to
the HS06 approximation, the MEBM accounts for approximately 50% of the intermodel variance,

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

14



290

291

292

293

304

308

309

310

311

312

313

314

315

316

90°5-45°S 45°5-10°S 10°5-10°N
r=0.94 r=0.79 r=0.72 o o gd
0.8{ r=004 0.04 r=034 0.8{ r=033 .@ [14)
® . ®
by by by . -
. 0.6 0. 0.2 L4 Qo . 0.6
5 3 o9 5 e “e@ @
. . % . @ o
£ £ 0. 0% £ ., 9
Zoa Z-04 *’Q@‘ Z 044 e e® 7 &D
= = { )?@0 =
= o s ) e » €
1 0.2 ° | —0.6 o33 102
a a © o a
0.0 S -038 P 0.0 s ©
S S S
N M e
0.0 0.2 0.4 0.6 0.8 -08  -0.6 -04  -02 0.0 0.0 0.2 0.4 0.6 0.8
P~ E', MEBM/HS06 [ mm - day~* ] P~ E, MEBM/HS06 [ mm - day™" ] P’ E/, MEBM/HS06 [ mm - day~? ]
d e
10°N-45°N 45°N-90°N
r=0.78 r=082
00{ r=032 0s] r=o0.04
— (20 )t —_
T &Q‘%@ : 1. ACCESS1.0 11. GFDL-ESM2M
8 0
> 702 '@59 ° > 061 2. ACCESS1.3 12. HadGEM2-ES
N Do © 3. BCC-CSM1.1 13. INM-CM4
£ .@ ° ® 13 4. CanESM2 14. IPSL-CM5A-LR
E o4 Eoa 5.CCSM4 15. IPSL-CM5B-LR
z g = © b 6. CNRM-CM5 16. MIROCS
<] o] P VL 7. CSIRO-MK3.6.0 17. MIROC-ESM
u W ’"Q)' e s °, 8. FGOALS-52 18. MPI-ESM
-0.6 0.2 P °®ene ®
A N > > 9. GFDL-CM3 19. MRI-CGCM
D o o 10. GFDL-ESM2G 20. NorESM1-M
-0.81 0.0 \@e
e
08 -06 -04 02 0.0 00 02 04 06 08

P'—E', MEBM/HS06 [ mm - day~! ] P'—E', MEBM/HS06 [ mm - day™* ]

Fic. 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).

a. Sources of uncertainty

Having demonstrated that the MEBM emulates the pattern of P’ — E’ for each individual GCM,
we next investigate the reason for the good agreement between the MEBM and GCMs, and the
intermodel spread of these P’ — E’ patterns. Uncertainty in the MEBM mainly arises from three
sources: radiative forcing Ry, ocean heat uptake G’, and radiative feedbacks A. Following Bonan
et al. (2018), we disaggregate the P’ — E’ patterns into separate contributions from Ry, G, and A
by creating a baseline pattern of P’ — E’ for the MEBM using the multi-model mean patterns of
Ry, G’, and A. We then run the MEBM using the GCM-specific patterns of either Ry, G’, and A
(Figure A1) while holding the other two variables fixed at their multi-model mean patterns. This

generates a spread of MEBM P’ — E’ patterns due to intermodel differences in either Ry, G’, and
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FiG. 5. Sources of uncertainty in the response of the hydrological cycle to global warming in different
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45°S to 10°S, 10°S to 10°N, 10°N to 45°N, and 45°N to 90°N.

A. To understand the relative importance of each contributing factor, we calculate the variance
of P’ — E’ as a function of latitude from each individual factor. We then compute the fractional
contribution of each factor to the total variance by assuming that the variance associated with each
factor can be added linearly.

Figure 5 shows the fractional contribution of Ry, G’, and A to the total variance in P’ — E’ for
the same regions described above. Across all regions intermodel variations in A are the leading
cause of intermodel variations in P’ — E’, accounting for 60 — 75% of the intermodel variance.
In the extratropical regions, the contribution of A to the intermodel spread in P’ — E’ is smaller
than in the tropics (Fig. 5). Ry accounts for 15 —30% of the intermodel variance in P’ — E’
patterns, and accounts for more intermodel variance in the extratropical regions when compared
to the tropics. Intermodel variations in G” account for 5 — 8% of the intermodel variance across all
regions. Note that these averages represent broad swaths of P’ — E’, which exhibits large spatial
variations as a function of latitude. The same analysis as a continuous function of latitude yields a
greater influence of G’ at some latitudes, accounting for approximately 30 —40% of the intermodel
variance in P’ — E’ in regions of large ocean heat uptake, such as the North Atlantic and Southern

Ocean (Marshall et al. 2015).
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b. Local and remote impacts of climate feedbacks

Given that the intermodel spread of A is the main source of uncertainty in the pattern of P’ — E’, we
next consider the relative importance of A in different regions. The remote-versus-local influence
of A has been shown to be an important factor when considering uncertainty in the pattern of
temperature (Roe et al. 2015; Bonan et al. 2018), but its influence on changes to P’ — E’ is less
understood. To examine this, we run the MEBM with the multi-model mean patterns of Ry and
G’, and confine the intermodel spread of A to the tropics (30°S to 30°N) and extratopics (90°S to
30°S and 30°N to 90°N) while the other region is set to the multi-model mean of A. This isolates
the impact of uncertainty in one region on P’ — E’ uncertainty in other regions, but does not isolate
inter-hemispheric changes. Note that these regions span equal areas of the globe.

Figure 6 shows the fractional contribution of intermodel variations of A in the tropical and
extratropical regions to the total variance in P’ — E’ for the same regions examined above. In the
deep tropics and subtropics, intermodel differences in tropical A account for 85-92% of intermodel
variance in P’ — E’. In the extratropical regions, intermodel differences in tropical A contribute
to approximately 60% of the intermodel variance in P’ — E’. Notably, intermodel variations in A
in the extratropical regions contribute little to intermodel variations in P’ — E” in the deep tropics

and subtropics, but contribute approximately 40% of the intermodel variations of P — E in the

17



354

355

356

357

358

359

360

361

362

363

364

365

366

367

378

379

380

381

382

383

384

385

386

387

388

389

390

extratropical regions. This is similar to the results of Bonan et al. (2018), where tropical-feedback

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

4. Impact of radiative feedback patterns on hydrological changes

Having shown that the MEBM emulates the pattern of P’ — E’ simulated by GCMs under
greenhouse-gas forcing with high skill, and that this pattern is largely determined by radiative
feedbacks, we now use the MEBM with idealized radiative-feedback patterns and a set of simple
scalings to investigate the specific mechanisms responsible for setting the P’ — E’ pattern. The
radiative-feedback patterns are constructed to illustrate key differences between the MEBM and
HSO06 approximation. Note that the pattern of P’ — E’ from the HS06 approximation is purely
thermodynamic, arising from the climatological pattern of P — E and the spatial pattern of warming,
whereas the pattern of P’ — E’ from the MEBM is both thermodynamic and dynamic, arising from
changes in latent energy transport from eddies and the Hadley Cells, both of which are constrained

by the overall energetic demand in the atmosphere.

a. Experiments and overview

Because we showed that the pattern of radiative feedbacks contributes most to the intermodel
spread of P’ — E’, we first set G’(x) = 1.54 W m~2 and Rs(x) =6.35W m~2, which are the mutli-
model and global-mean values of the CMIP5 GCMs. D is set to 1.05x 10% m? s~!, which is the
multi-model mean value of the CMIP5 GCMs. We also take the multi-model mean climatological
MEBM variables (¢, H, T) and make them symmetric about the equator. Thus, any asymmetries
in the analyses of Section 4 result from asymmetries in the pattern of radiative feedbacks only.
Next, we create four A patterns that broadly represent the intermodel spread of CMIPS GCMs (see

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

1. The first A pattern is weakly negative in the deep tropics, positive in the subtropics, and
negative in the extratropics (Fig. 7a). This A pattern produces a pattern of warming that is
uniform with latitude and equivalent to the multi-model and global-mean value of warming
from the CMIP5 GCMs. This pattern was calculated by prescribing a uniform 7”7 in Eq. (6)

and solving for A.
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Fic. 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 @ = % K~! 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.

2. The second A pattern is uniform with latitude and equivalent to the multi-model and global-
mean value of A from the CMIP5 GCMs (Fig. 7b). This A pattern produces a pattern of
warming that is polar-amplified in both hemispheres and contains little-to-no structure in the

deep tropics.

3. The third A pattern is symmetric across both hemispheres but contains a narrowly positive
peak value of A in the deep tropics and negative values elsewhere (Fig. 7c). This pattern
was calculated by taking the pattern of A from CSIRO-Mk3.6.0, which exhibits the largest
increases in P — E in the deep tropics, and making it symmetric across the equator. This A
pattern produces a pattern of warming that is also polar-amplified in both hemispheres, but

contains a slight amplification of warming near the equator.

4. The fourth A pattern is antisymmetric across both hemispheres but still contains a narrowly
positive peak value of A in the deep tropics and negative values elsewhere (Fig. 7d). This
A pattern is from CSIRO-Mk3.6.0 and produces a pattern of warming that is more polar-
amplified in the Arctic and less polar-amplified in the Antarctic, but also contains a slight

amplification of warming near the equator.

The resulting patterns of P’ — E’ are shown in the right columns of Figure 7, along with a
comparison to the HS06 approximation. We briefly describe the patterns, before analyzing the
causes in the next two subsections, focusing separately on the tropics and extratropics. For Pattern

1, when A is mostly positive in the subtropics and negative in the extratropics (Fig. 7a), the
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pattern of warming is uniform. This results in a P’ — E’ pattern that is nearly identical to the HS06
approximation (i.e., Eq. 4), with increasing P — E in the tropics and high-latitudes and decreasing
P — E in the subtropics. Note that this P — E pattern contains no change in the subtropical boundaries
or narrowing of the ITCZ. However, for Pattern 2, when A is uniform with latitude, there is a polar-
amplified pattern of warming, which results in a pattern of P’ — E’ that is different between the
MEBM and HS06. For polar-amplified warming, while the pattern of P’ — E’ for the MEBM and
HSO06 approximation is similar in the tropics, P’ — E’ in the extratropics and subtropics is much
more muted in the MEBM. Finally, for Pattern 3 and Pattern 4, when A is narrowly positive in
the deep tropics and negative across most other latitudes, there is a similar difference between the
MEBM and HS06 P’ — E’ in the high-latitudes, but the MEBM P’ — E’ is larger in the deep tropics.
This increase in the deep tropics far exceeds the HS06 approximation (Eq. 4), and coincides with
a narrowing of the ITCZ where P - E > 0.

To provide a more mechanistic interpretation of how the pattern of A impacts the pattern of
P’ — E’, in the next two subsections we compare the MEBM and HS06 approximation using a set

of simple scalings.

b. Tropics

In Figure 1 and Figure 3 we saw that, in the tropics, P’ — E’ in the MEBM is much larger than
P’ — E’ in the HS06 approximation, and is in much better agreement with GCMs. This is also
evident in Figure 7 with the idealized radiative feedback patterns. These differences are likely
related to the MEBM containing a Hadley Cell parameterization that simulates changes to the
Hadley Cell circulation strength under warming. Thus, differences between the MEBM and HS06
approximation in the deep tropics can be understood through the conservation statement for the

atmospheric-moisture budget for P — E under warming:

(P —E')ye=-V- (Jqu’w'quw’qu’) , (14)

where (-) represents the climatological state. Here, ¢ and g are derived by applying the MEBM
to the each preindustrial control simulation from 20 GCMs (see Appendix B for details). This
enables us to decompose P’ — E’ in the MEBM — for regions where the Hadley Cell accomplishes

most of the latent-energy transport — into thermodynamic and dynamic contributions to P’ — E’.
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Fic. 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 « = 7% K~! globally.
The red dotted line is the P’ — E” pattern with no circulation strength changes and changes to the moisture content
of the atmosphere, V- (L, q’). The purple dashed line is the P’ — E’ pattern with circulation strength changes
and changes to the moisture content of the atmosphere, V- ('L, q) + V- (¥'L,q’). 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 to
the moisture content of the atmosphere (which is nearly equivalent to Eq. 4); the second term
represents changes to the strength of the Hadley Cell and no changes to the moisture content of the
atmosphere; and the third term is second-order and combines changes to the strength of the Hadley
Cell and moisture changes.

Figure 8 shows P’ — E’ for each pattern of A into contributions from the three terms in Eq. (14),
in the region influenced by the Hadley Cells (45°S to 45°N) . Under a uniform pattern of warming
(Fig. 8a) the thermodynamic term (red dotted line) dominates P’ — E” while the two dynamical
terms (purple line) simply amplify the existing pattern of P — E, with no change in the spatial
structure of P — E. Note that the thermodynamic term, which does not represent changes to the
strength of the Hadley Cell, is nearly equivalent to the HS06 approximation in the deep tropics.
Similarly, under a pattern of warming with equal degrees of polar amplification in each hemisphere
and uniform warming throughout the tropics (Fig. 8b), the thermodynamic term (red dotted line)
again dominates P’ — E’ and there is little-to-no change in the spatial pattern of P — E in the deep
tropics from the dynamical terms (purple line). However, under a pattern of warming with equal
degrees of polar amplification in each hemisphere (Fig. 8c), but more warming near the equator,
the dynamical terms dominate P — E changes in the deep tropics. Here, i/’ causes an enhancement
of P - E in the deep tropics. Between 5°S and 5°N, changes to ¢ contribute to an enhancement
of approximately 5 mm day~! in P — E. Likewise, under amplified warming of the Arctic, more
muted Southern Hemisphere warming, and amplified warming near the equator (Fig. 8d), there is
larger P — E in the deep tropics, which also arises mainly from changes in .

Because the Hadley Cells greatly impact P’ — E’ in the deep tropics, we now focus on the
mechanisms responsible for the mass-flux changes in the MEBM. To do this, we turn to Eq. (10),
which relates the strength of the Hadley Cell to the poleward heat flux and gross moist stability.

Rearranging for ¢’ (x) gives:

F! W H'
W (x) = —he__ VI (15)
H+H H+H
—_—— ——
i )

where /| represents changes to ¢ that result from changes in the poleward heat transport by the
Hadley Cell and ¢/} represents changes to ¢ that result from changes in gross moist stability, or the

stratification of the tropical atmosphere. Note that gross moist stability always scales at 8% above
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the equator value of A/, but can change due to changes in #’. These two terms can be combined

with Eq. (14) to produce:

(P —E'yc=-V-|yLiq' + (W Lyg+y\L,q" )+ (W3 L g +¥5Lyq") |, (16)

Term 1 Term 2

where now P’ — E’ can be decomposed into three terms: a thermodynamic term with no circulation
strength changes but changes to the moisture content of the atmosphere (i.e., Eq. 4), and two
dynamic terms that represent circulation strength changes from either the poleward heat transport
by the Hadley Cell (Term 1) or changes in gross moist stability (Term 2).

Figure 9 shows the divergence of anomalous atmospheric heat transport (Fig. 9a) and anomalous
gross moist stability (Fig. 9b) for each of the four A patterns. These two variables can be used to
decompose changes to the Hadley Cell circulation strength into the two terms from Eq. (15) (see
Fig. 9c-d). The decomposition shows that changes to the poleward heat transport by the Hadley
Cell (i.e., Term 1) largely act to strengthen y, and that changes to gross moist stability (i.e., Term
2) largely act to weaken ¢ (Fig. 9). With a pattern of A that produces uniform warming there is
excess energy in the tropics that must be exported poleward (see solid gold line in Fig. 9a), driving
a stronger ¢ (see solid gold line in Fig. 9c). Uniform warming also acts to produce the largest
gross moist stability changes (see solid gold line in Fig. 9b), which weakens ¢ (see solid gold line
in Fig. 9d). The changes in gross moist stability are consistent with Chou et al. (2013), who found
that increases in gross moist stability are related to a weakening of . However, these changes are
much smaller than the poleward heat changes and there is no change in the spatial structure of ¢’
and therefore P’ — E’ increases largely following the climatological state (see solid gold line in Fig.
9e-f). This is also true for a uniform pattern of A, where there are smaller changes to ¢, but again
little-to-no change to the spatial structure of ¢ (see dashed gold line in Fig. 9c-d).

With a pattern of A that is less negative in the tropics and much more narrowly peaked — which
is similar to the patterns of 4 in GCMs — a different story emerges. Here, the small bump in
warming in the deep tropics leads to an excess of energy in the deep tropics (see green lines in
Fig. 9a). This drives a stronger Hadley Cell in the deep tropics because of an increasing poleward

heat flux (see green lines in Fig. 9c). The excess energy of the deep tropics cannot be radiated
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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 (V- F{}.) 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.

25



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

547

548

549

550

551

away locally and must be exported to higher-latitudes, or regions of more efficient radiative loss.
However, the structure of A determines where this energy can go and hence the response of :
strengthening ¢ in the deep tropics more than ¢ in the subtropics (see green lines Fig. 9c). In other
words, the fact that A peaks near the equator and tapers off toward the subtropics means that
strengthens slightly more in the deep tropics relative to the subtropics, helping to change its spatial
structure (Fig. 9¢). Furthermore, because Ry and G’ are spatially uniform, any spatial structure in
A must be balanced by the spatial structure of V- F; or T’. And because V - F}. contains more
spatial structure than 77, the pattern of A ultimately drives the P — E changes through the pattern
of V- F{;. The change to the spatial structure of ¢ acts to increase P — E in the deep tropics and
decrease P — E in the subtropics, which narrows the ITCZ region (Fig. 9e).

Term 2, which represents changes to s from gross moist stability changes, is small and cannot
oppose the changes to ¢ in the deep tropics that results from changes to the poleward heat transport
by the Hadley Cell (Fig. 9d). However, in the subtropics the weakening of ¢ outcompetes the
strengthening of  from an increase poleward heat flux (compare Fig. 9c and Fig. 9d). The
weakening of ¢ from Term 2 acts to decrease P — E at the edges of the ITCZ region (Fig. 9f). In
other words, the pattern of radiative feedbacks causes anomalous energy to be exported from the
tropics to the poles, strengthening ¢. At the same time, the increase in gross moist stability weakens
¥, but this weakening is confined mainly to the subtropics. This occurs because of larger increases
to the moist-static energy gradient in the subtropics when compared to the tropics. Together, in
unison, these two processes determine the degree of ITCZ contraction. These circulation changes
are similar to Feldl and Bordoni (2016), where the Hadley Cell was found to strengthen in the
deep tropics and weaken in the subtropics under warming. In Section 4d we directly compare the

mass-flux changes in the MEBM and GCMs.

c. Extratropics

In the extratropics, P’ — E’ from the MEBM and the HS06 approximation are approximately equal
under uniform warming (Fig. 7a), but are different under polar-amplified warming (Fig. 7b-d).
Under polar-amplified warming the MEBM predicts less enhancement of high-latitude P — E than
HSO06, and is in better agreement with the GCMs (see Fig. la and Figs. 3). The MEBM also

predicts an expansion of the subtropical regions (see Section 1 and 3). To understand how these
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Fic. 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 a = 7% K™
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 B (Eq. 17).
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differences arise, we use an extended version of the simple scaling from HS06, which is detailed
in Siler et al. (2018). Appendix C contains relevant details of the derivation, but this scaling

decomposes P’ — E’ in the extratropics into two terms via:

1 ag
P-E =B(P-E)-—F;— 17
BP—E)—5—5FL—". (17
——————— Se—— e
Term 1 Term 2
where:
2 dT’ | dx
=|la-—=|T" . 1
A (“ T) T AT dx (1%)

Eq. (17) implies that the pattern of P’ — E’ is amplified under global warming by a factor of S(x).
Term 1 represents changes to the moisture content of the atmosphere, while Term 2 represents
changes to the poleward moisture transport by eddies. HS06 argue that Eq. (17) can be simplified
to Eq. (4) by ignoring changes in the pattern of warming, which means that § is approximately
uniform and thus Term 2 in Eq. (17) is close to zero, making P’ —E’ ~ B(P—-E) =aT’ (P-E),
or exactly Eq. (4). These arguments make sense for uniform warming, which indeed leads to
Term 2 in Eq. (17) being close to zero and the structure of P’ — E’ is simply the existing pattern
of P — E amplified by the pattern of warming, which is consistent with Fig. 7c. However, under
polar-amplified warming these arguments make less sense, as strong meridional variations in 7’
act to alter both Term 1 and Term 2.

Figure 10 shows a decomposition of P’ — E’ for each pattern of A in the Northern and Southern
Hemisphere extratopics (poleward of 30°) using the two terms in Eq. (17), the MEBM solution,
and the HS06 approximation from Figure 7. Under uniform warming, where the MEBM and HS06
approximation are approximately equal, the contribution of changes to the poleward moisture
transport is relatively small (Fig. 10a). This occurs because d7T’/dx = 0, making g relatively
uniform and thus the transport of moisture (i.e., Term 2 in Eq. 17) is close to zero and contributes
little to P’ — E’. However, under polar-amplified warming the MEBM and HS06 approximation
diverge because of changes to spatial structure of 8 and changes to the poleward moisture transport
(Fig. 10b-d). Because T” increases with latitude, the meridional temperature gradient weakens and
therefore 8 decreases everywhere, which partially offsets the Clausius-Clapeyron effect. A similar

feature is seen in under an asymmetric pattern of warming (Fig. 10d). When warming is amplified
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mainly in the Arctic, there is a reduction of P’ — E’ equal to approximately 2 mm year~! uniformly
in the Northern Hemisphere extratropics. This decrease in poleward moisture transport reduces
the enhancement of P’ — E’ in the high latitudes, and brings the MEBM in line with results from
GCMs.

d. Connection to CMIP5 hydrological changes

Armed with a better understanding of processes that set the pattern of P’ — E’ in the tropics and
extratropics, we now revisit the ability of the MEBM to emulate comprehensive GCMs in CMIP5

using the same scalings from the previous sections.

1) TROPICAL HYDROLOGICAL CHANGES

Figure 11 shows a decomposition of P’ — E’ associated with the three terms of Eq. (14),
which detail thermodynamic and dynamic changes to P — E under warming. This is the same
decomposition shown in Figure 8, but for each individual GCM. Across most GCMs, changes to ¢
are large and have a large impact on the P — E changes in the deep tropics. The change in i results
in enhancement of P — E in the deep tropics. Between 5°S and 5°N, changes to ¢ contribute to
an enhancement of approximately 6 mm day~! in P— E. In GCMs with larger P — E changes in
the deep tropics (e.g., ACCESS1.0 and MIROC-ESM), V- (¢’L,q) and V- (¥/'L,q’) contributes
to 8 —9 mm day~!' in P — E changes. Conversely, in GCMs with smaller P — E changes in the
deep tropics (e.g., CCSM4 and INM-CM4), V- (¥'L,q) and V- (¥'L,q’) contributes 3 —4 mm
day~! in P - E changes. Additionally, GCMs with stronger hemispheric asymmetry in subtropical
drying (e.g., GFDL-ESM2M, HadGEM2-ES) exhibit this asymmetry because of the dynamical
terms (purple line).

Indeed, P — E changes in the deep tropics are significantly impacted by changes in circulation
strength. The mechanism for this is detailed in Figure 9 and related to the fact that some GCMs
exhibit a narrowly peaked pattern of less negative or even positive values in the deep tropics near
the equator. This radiative feedback pattern implies more strengthening of ¢ around the equator
and less strengthening (or weakening) of ¢ in the subtropics, thereby changing the spatial structure
of . In fact, the average feedback value in the deep tropics (averaged between 5°S and 5°N) is

strongly correlated (r = 0.68) with the P’ — E’ values between 5°S and 5°N. Similarly, the average
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Fic. 11. Tropical hydrological changes in CMIPS. 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, V - (¢/L,q’). 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, V- ('L, g)+V - (¥'L,q’). 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.

divergence of the northward column-integrated atmosphere energy transport averaged between 5°S
and 5°N is also strongly correlated (r = 0.72) with the P’ — E’ values between 5°S and 5°N. This
highlights the importance of radiative feedbacks in setting poleward heat transport, which acts to
strengthen the Hadley Cell circulation in the deep tropics and enhance P — E.

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

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

Ps
w<x,p>=2:f“\/(1—x2) /O (7] dp, (19)

where [V] is zonal-mean and time-mean meridional velocity as a function of latitude and pressure
p. To compare the Hadley Cell mass flux of each GCM with the MEBM, we take the maximum
magnitude (positive or negative) of the meridional mass streamfunction in Eq. (19) to produce the
CMIP5 Hadley Cell mass-flux strength ¢/max (x).

The strengthening of the Hadley Cell in the deep tropics and the weakening of the subtropics in the
MEBM is consistent with the response from CMIP5 GCMs, but the MEBM tends to underpredict
changes to Y¥/max in each hemisphere, which can be seen in Figure 12. However, the average mass-
flux change of the MEBM in the deep tropics of the Southern Hemisphere (20°S — 0°) and Northern
Hemisphere (0° — 20°N) is well correlated (r = 0.53 and r = 0.67) with the Hadley Cell mass-flux
change in CMIP5 (Fig. 12). Further work is required to understand the precise reasons why the
MEBM and the CMIP5 GCMs agree well and how these results connect to the dynamical theories
of the Hadley Cell circulation. Furthermore, it is unclear here if the pattern of radiative feedbacks

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

« Hadley Cell mass-flux changes and tropical P — E changes.
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Fic. 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

10. GFDL-ESM2G

20. NoreSM1-M

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

2) EXTRATROPICAL HYDROLOGICAL CHANGES

Figure 13 shows a decomposition of P’ — E’ poleward of 30° into the two terms from Eq. (17),
which represent changes to the moisture content of the atmosphere and changes to the poleward
moisture flux. This is the same decomposition shown in Figure 10, but for each individual GCM.
Across all GCMs it is evident that reduced poleward moisture transport helps to align the MEBM
with GCMs. The poleward moisture transport (i.e., Term 2) decreases in both hemispheres across
most GCMs and accounts for 1 —2 mm day~! decrease in P — E. The reduced poleward moisture
transport also causes the expansion of the subtropics in each GCM, which is shown by the more

poleward latitude of P — E =0. While not shown in Figure 12, GCMs with a stronger polar
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Fic. 13. Extratropical hydrological changes in CMIPS. 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.

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

subtropical drying.

5. Discussion and conclusions

Changes to P — E over the 21st century are predicted to impact ecosystems and socioeconomic
activities throughout the world. While it is expected that, broadly, dry regions will get drier and
wet regions will get wetter, the magnitude and spatial structure of P — E changes remains uncertain.

In this paper, we examined the response of P — E to warming using a modified MEBM that
reroutes moisture transport in the deep tropics with a Hadley-Cell parameterization (Siler et al.
2018). We showed that the MEBM accurately emulates P — E changes and accounts for a majority
of the intermodel variance in P — E changes as simulated by GCMs under greenhouse-gas forcing.
We then used the MEBM to identify sources of uncertainty in the pattern of P’ — E” under warming.
Using zonal-mean patterns of radiative forcing Ry, ocean heat uptake G’, and the net radiative
feedback A from a suite of GCMs under 4 x CO,, we showed that the MEBM accounts for the
majority of the intermodel variance in P — E in the deep tropics, subtropics, and extratropical
high-latitudes. The intermodel spread in P’ — E’ in these regions arises primarily from intermodel
differences in A, with Ry and G’ playing secondary roles. However, in regions where regional
ocean circulation shapes the rate of warming, G’ can account for 30 — 40% of the intermodel
variance in P — E changes. Finally, by confining the intermodel spread of A to different regions, we
showed that intermodel variations in tropical A impact P — E changes globally, whereas intermodel
variations in polar A mainly impact P — E changes in the poles.

Motivated by the fact that A plays a leading role in setting the pattern of P — E, we constructed
a set of idealized A patterns and used some extended scalings to further investigate the processes
impacting P’ — E’. We demonstrated that P — E changes depend crucially on the meridional pattern

of warming and the anomalous net energy input into the atmosphere. Under uniform warming,
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P — E changes at approximately the Clausius-Clapeyron rate, consistent with the thermodynamic
scaling first introduced by HS06. However, under polar-amplified warming, moisture transport
to the high-latitudes decreases, causing less of an increase in P — E in the high-latitudes when
compared to the HS06 approximation. Interestingly, when A is less negative near the equator and
begins to taper off in the subtropics, P — E in the deep tropics increases and the ITCZ region narrows,
deviating strongly from the thermodynamic scaling of HS06. This occurs because the anomalous
net energy input into the atmosphere cannot be radiated away locally at the equator, which means
the Hadley Cell mass flux ¢ must strengthen in the deep tropics to transport that excess energy
away. However, the concurrent increase in gross moist stability, which weakens i, outcompetes the
poleward heat transport changes in the subtropics, where moist-static energy gradients are stronger.
These two processes change the spatial structure of ¢ and cause a convergenece of moisture in the
deep tropics, increasing P — E in the tropics and decreasing P — E in the subtropics. Of course,
it is possible that the A patterns themselves result from these circulation changes, and our results
simply confirm the tightly coupled nature of hydrological changes and radiative response in the
deep tropics. Still, our results demonstrate the importance for circulation changes and how radiative
feedbacks relate to them. More work is required to understand whether the circulation responses
give rise to the radiative feedbacks and the radiative feedbacks simply reflect these changes. Finally,
under asymmetric warming, where warming is more amplified in the Arctic when compared to
the Antarctic, we find the subtropics dry less in the Northern Hemisphere when compared to
the Southern Hemisphere. This mimics the hemispheric asymmetry of subtropical drying seen
in GCMs and is traced to the asymmetric response of the changing atmospheric circulation.
These circulation-strength changes can be understood as a consequence of the demands of overall
downgradient energy transport, as encapsulated in the MEBM.

Our study has several implications. Given the role of polar amplification in setting the magnitude
of the poleward moisture flux, the large spread in Arctic amplification among GCMs (Pithan and
Mauritsen 2014; Bonan et al. 2018; Feldl et al. 2020) may also explain the large uncertainty in P — E
changes, particularly for the Northern Hemisphere extratropics. Similarly, the relative warming
of the Arctic versus the Antarctic, and the processes contributing to this asymmetry may explain
intermodel differences in the amount of subtropical drying between each hemisphere by affecting

the poleward heat flux, and thus the strength of the Hadley Cell circulation. Furthermore, the role
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that radiative feedbacks play in setting P — E changes under warming suggests that studying the
effect of each individual radiative feedback may help identify limits of the “wet-gets-wetter, dry-
gets-drier” paradigm, and offer insights into potential biases in GCMs. Finally, our results indicate
that changes to large-scale tropical circulations can be energetically-constrained with a simple rule
of downgradient energy transport, and that this rule helps to explain the narrowing of the ITCZ
and hemispheric asymmetry in subtropical drying. Understanding how energetic constraints can
be used to understand other dynamical features in GCMs (e.g., Feldl and Bordoni 2016) or the
seasonality of P — E changes should be the subject of future work.

This study, however, contains a few caveats. In the MEBM the spatial patterns of Ry, A,
and G’ are prescribed and do not change over time. Thus, we are unable to consider transient
P — E changes under global warming or the extent to which the spatial patterns of 2 and G’
are truly independent of atmospheric energy transport and the circulation responses themselves.
Furthermore, the assumption that D is spatially uniform and invariant under warming is surely a
crude approximation. Previous work has shown that D can be approximately 75% larger in the
mid-latitudes when compared to the subtropics (Frierson et al. 2007; Peterson and Boos 2020)
and can affect the degree of meridional shifts in tropical rainfall (Peterson and Boos 2020). D
has also been shown to decrease under sustained greenhouse-gas forcing (Shaw and Voigt 2016;
Mooring and Shaw 2020). Future work might explore the impact of spatial patterns of D. Finally,
the Hadley Cell parameterization is limited as it does not account for (1) changes between latent-
energy transport accomplished by eddies and the Hadley Cell under warming; or (2) changes to the
structure of upper-tropospheric moist-static energy under warming. For instance, the disagreement
between subtropical P’ — E’ in MEBM and GCM:s is likely related to the fact that the Hadley Cell
mass-flux change is small outside of the deep tropics and systematically underestimated in the
MEBM. Future work might also explore the impact of allowing for the Hadley Cell edge to change
under warming (e.g., O’Gorman and Schneider 2008; Mbengue and Schneider 2018) or better
parameterizations of gross moist stability like making it proportional to the meridional gradient in
moist static energy (e.g., Frierson 2008) and unique to each GCM.

Despite these shortcomings, the fact that the MEBM emulates P — E changes as simulated in
GCMs under greenhouse-gas forcing, suggests that the MEBM and the processes it represents offers

a parsimonious understanding of the causes of hydrological change that is distinct from the simple

36



734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

thermodynamic scaling that results in the “wet-gets-wet, dry-gets-drier” paradigm. Specifically, in
this paper, we showed how the MEBM captures changes to moisture transport in both the tropics
and high-latitudes that is not captured in other hydrological scalings. This work demonstrates that
the spatial structure of radiative feedbacks can greatly impact changes to the strength of the Hadley
Cell circulation, acting to increase P — E in the deep tropics, decrease P — E in the subtropics,
and narrow the ITCZ. This work also demonstrates the utility of downgradient energy transport to
examine drivers of the intermodel spread in P — E changes. Our results suggest that, for as long as
tropical feedbacks and polar amplification remain uncertain and poorly constrained among GCMs,
projections of the spatial pattern of hydrological change will also remain uncertain. More broadly,
our results imply that downgradient energy transport and energetic constraints on the strength of
the Hadley Cell circulation provide an alternative and perhaps more fundamental explanation for

the response of P — E to climate change.

APPENDIX A

CMIPS output

We use monthly output from 20 different GCMs participating in Phase 5 of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al. 2012). This subset of GCMs reflects those that
provide the necessary output for calculating R¢(x), G’(x), and A(x). For each GCM, we calculate
anomalies in each variable, denoted by prime, as the difference between the variable averaged
over a preindustrial control simulation and the variable averaged over the last 25 years of 4 x CO,
simulations (years 126 — 150). All variables are annual- and zonal- means computed from monthly
output. The variables include: all-sky shortwave and longwave radiation at the surface and top of
atmosphere (rsds, rsus, rsdt, rsut, rlds, rlus, rlut), sensible and latent heat fluxes (hfss, hfls), sea
surface temperature (tos), near-surface air temperature (tas), precipitation (pr), and evaporation
(evs).

R (x) is calculated from the change in top of atmosphere (TOA) radiation in 4 X CO, simulations
performed with fixed preindustrial sea-surface temperatures (Siler et al. 2019). G’(x) is calculated
as the change in net surface heat fluxes in 4 X CO, simulations performed in fully coupled GCMs.
A(x) is calculated by equating the zonal-mean net TOA radiation anomaly with A(x)7”(x) + R s (x).
Figure Al shows the patterns of Ry (x), G’(x), and A(x) for each GCM.
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APPENDIX B

Climatological Hadley Cell parameterization

In the main text, we introduce the Hadley Cell parameterization using the perturbation version of
the MEBM. However, the mass transport of the Hadley Cell and thus the pattern of P’ — E’ depends
to some extent on the climatological state via Eq. (10) and Eq. (11). To account for this, we use
a climatological version of the MEBM to estimate the climatological state of each GCM. This is
done by first calculating the net heating of the atmosphere Qe (x), which is the difference between
the net downward energy flux at the TOA and the surface in preindustrial control simulations
(see Appendix A). Because the northward column-integrated atmospheric energy transport F is
assumed to be related to the meridional gradient in 4, the climatological version of the MEBM
(with a constant D) is: .

Ps a ) ﬁ
aZngx [(l X )dx]' B1)

Onet(x) ==

The MEBM climatological values of T'(x) and ¢(x) (assuming relative humidity is fixed at 80%)
can be found by minimizing the difference between the zonal-mean near-surface air temperature
and Qe from each GCM using Eq. B1. A similar procedure as described in Section 2 is then used
to calculate ¥ (x), H(x), and P — E except that the poleward heat flux and moisture flux take the

form of:

Frc(x) =y (x)H (x), (B2)

and

Fruc(x) =¢(x)Lyq(x), (B3)

respectively. Note that here D is unique to each GCM. For Section 3, the value of D is unique
to each GCM and for Section 4, the value of D is 1.05 x 10° m? s~! (i.e., the multi-model mean
value). For Section 3, the climatological variables are unique to each GCM and for Section 4, the
climatological variables are the multi-model mean patterns and made to be symmetric about the

equator.

APPENDIX C

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

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

the ratio of the latent heat transport Fy, to the sensible heat transport Fg will be the ratio of the

meridional gradient of L, g to the meridional gradient of ¢,T, meaning:

FL_Lvdg

FS B Cp dT,
where

dq _ dq/dx

dT — dT/dx’

Because the Clausius-Clapeyron equation states that:

dq
— = y
ar = Y

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

£ leq) K
FL aq FS,

which can be re-arranged to be:

F; 2 F;
Lxla-Z|T+=.
Fr T Fg

Thus, the change in moisture transport under warming can be written as:
Fy (x) = BFL(x),

where

B:( 2)T,+dT'/dx

T AT dx

(CD)

(C2)

(C3)

(C4

(C5)

(Co)

(C7)

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

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

1 ap

P'—E'=B(P-E)-—F.—. (C8)
2ma dx
———
Term 1 Term 2

Here, Term 1 represents changes to the moisture content of the atmosphere under warming and
Term 2 represents changes to the poleward moisture flux under warming. HSO06 argue that the
dependence of the saturation vapor pressure on 7 and the fractional change of sensible-heat
transport in Eq. (C7) are small and can be ignored. They also argue that because the pattern
of warming is relatively uniform, the second term on the right hand side of Eq. (C8), which
represents changes to the transport of moisture, is close to zero. Removing these terms results
in PP-E' =B(P-E)=aTl’(P—-E), which is exactly Eq. (4). Thus, for the extratopics, the
HSO06 scaling and the MEBM differ because of the pattern of temperature change 7’ and the
climatological pattern of 7', which determine the moisture content of the atmosphere and poleward

moisture transport.
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