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ABSTRACT: The response of zonal-mean precipitation minus evaporation (P — E) to global warming is investigated us-
ing a moist energy balance model (MEBM) with a simple Hadley cell parameterization. The MEBM accurately emulates
zonal-mean P — E change 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 change and better emulates GCM P — E
change when compared to the “wet-gets-wetter, dry-gets-drier” thermodynamic mechanism. The intermodel spread in
P — E change is 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 feed-
backs to specific regions shows that tropical feedbacks are the primary source of intermodel spread in zonal-mean P — E
change. The ability of the MEBM to emulate GCM P — E change 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 in-
creases 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 partially reduces the poleward moisture flux by weakening the
meridional temperature gradient. 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 change under warming.

SIGNIFICANCE STATEMENT: Changes to the hydrological cycle over the twenty-first century are predicted to im-
pact 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 assumes 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 cli-
mate 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 un-
certainty 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.
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1. Introduction 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). The pattern of P — E
can also modulate transient climate change through changes in
upper-ocean salinity, which impacts the degree of ocean heat up-
take 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 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).

In response to increased greenhouse gas concentrations,
Corresponding author: David B. Bonan, dbonan@caltech.edu state-of-the-art global climate models (GCMs) consistently

The hydrological cycle, which describes the continuous
movement of water on Earth, is a key component of the cli-
mate system. A fundamental measure of the hydrological cy-
cle 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 forma-
tion 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
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FIG. 1. Response of the hydrological cycle to global warming. (a) The multimodel mean change in zonal-mean precipitation minus evap-
oration (P’ — E’) from 20 CMIP5 simulations 126-150 years after an abrupt quadrupling of CO, relative to the preindustrial average
(black). The HS06 approximation (red dashed line) is calculated from Eq. (4) and found by applying the multimodel zonal-mean change
in near-surface air temperature from the abrupt quadrupling of CO, [black line in (b)] and the multimodel mean P — E climatology from
the preindustrial-control simulations [in (c)] assuming & = 7% K ! globally. The blue line shows the MEBM P’ — E pattern (which is de-
scribed in section 2). (b) The multimodel mean change in zonal-mean near-surface air temperature (7”) of 20 CMIP5 GCMs (black) and
the MEBM (blue line) (see section 2). (c) The multimodel mean climatology of zonal-mean precipitation minus evaporation (P — E) of
20 CMIP5 GCMs. The gray 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 gray dotted vertical lines represent the climatological extratropical P — E maximum
in preindustrial control simulations, which is a measure of the storm-track latitude.

predict enhanced tropical precipitation and reduced subtropi-
cal 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 F:

P-E=-V-F,. 1)
As discussed in Held and Soden (2006, hereafter 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; ~al'F,, 2)
where primes indicate the difference between the perturbed
and control climates and

L

TR

&)

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™! K™'), and T is the near-surface air
temperature. For typical atmospheric temperatures, a 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"
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are relatively small, Eq. (2) suggests that the change in P — E
under warming will also scale at the Clausius—Clapeyron rate,
which results in

P —E ~aT (P - E). 4)
Equation (4) implies that spatially uniform warming 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; HS06; Seager et al. 2010). Equation (4) also implies that
the climatological boundaries of where P — E = 0 will remain
fixed.

HSO06 found that Eq. (4) broadly captured the spatial struc-
ture of P — E’ as simulated by coupled GCMs under rising
greenhouse gas concentrations. Figure la shows the multi-
model mean, zonal-mean P — E change 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 Inter-
comparison Project (CMIP5). 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 multimodel mean patterns of 7" (Fig. 1b) and
P — E (Fig. 1c) from the same 20 GCMs, assuming that
a = 7% K ! everywhere. Note, we use local values of 77 in
Eq. (4). While the approximation indeed captures the overall
spatial pattern of P — E change 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
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extratropics. Furthermore, Eq. (4) does not capture other ro-
bust features of P — E changes as seen in GCMs, such as the
poleward expansion of the subtropics (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 contrac-
tion of the intertropical convergence zone (ITCZ; Byrne and
Schneider 2016b).

Some of the differences between the zonal-mean P — E
change 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 atmo-
spheric circulations. For instance, Boos (2012) showed that in-
cluding the pattern of temperature change is necessary for
understanding P — E change at the Last Glacial Maximum,
where ice sheets greatly altered horizontal temperature gra-
dients. 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 traditionally dry land regions,
such as deserts, may actually become wetter due to these ad-
ditional terms. However, these modifications to the HS06 ap-
proximation 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 changing atmospheric circulations play an important role
in determining the degree of subtropical expansion and nar-
rowing of the ITCZ (Seager et al. 2010; Seager and Vecchi
2010), as well as poleward shifts in the midlatitude 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) and showed that this approach can capture most of
these deviations from the “wet-gets-wetter, dry-gets-drier”
paradigm. The MEBM assumes that atmospheric heat transport
can be represented by downgradient transport of near-surface
moist-static energy. However, Siler et al. (2018) included a sim-
ple Hadley cell parameterization in the MEBM, which trans-
ports latent energy upgradient in the tropics, and showed that
the MEBM accurately emulates P — E change as simulated by
coupled GCMs under global warming and better emulates these
changes when compared to the HS06 approximation (see blue
dashed line in Fig. 1a). In particular, the MEBM correctly simu-
lates 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 maxi-
mum extratropical P — E in the climatology, and a similar com-
parison with P/ — E’ shows that there is a poleward shift in
the extratropical P — E maximum. Siler et al. (2018) argued
that polar amplification—which is a robust feature of global
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warming—affects P/ — E’ by weakening the meridional tem-
perature gradient and reducing poleward moisture transport.
This helps to explain why there is reduced high-latitude P — E
change and why the subtropical regions expand under warming
in the MEBM and GCMs, when compared to the HS06 approx-
imation. 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). In-
deed, large-scale circulation features like the Hadley cells domi-
nate 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 change 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 ener-
getic processes are driving these circulation changes and how
these circulation changes relate to P — E changes (e.g., Chou
et al. 2009; Chadwick et al. 2013). Other studies have also dem-
onstrated that 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
change 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 change under global warming, and the exact reasons
for this spread remains unknown (Prein and Pendergrass
2019). Previous studies have shown that tropical radiative feed-
backs contribute to uncertainty in the amount of warming that
is nearly spatially uniform, while polar radiative feedbacks con-
tribute to uncertainty in the amount of warming that is con-
fined to the poles (Roe et al. 2015; Bonan et al. 2018). Yet, an
important question remains unanswered: What processes con-
stitute the greatest sources of uncertainty in the pattern of
P — E change under climate change? The ability of the
MEBM to emulate zonal-mean P — E change simulated by
GCMs under greenhouse gas forcing (see Fig. 1a) suggests the
MEBM can also be used to examine sources of uncertainty in
P — E change.

In this paper, we have two specific aims:

1) We identify sources of intermodel spread in the pattern of
P — E change 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 change across a range
of latitudes for GCMs under 4 X CO,. We then link the
intermodel spread in P — E change to radiative feed-
backs, 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 con-
sider how the pattern of radiative feedbacks impacts the
pattern of P — E change in the tropics and extratropics.
We show that changes to the net heating of the atmo-
sphere and gross moist stability act to strengthen and
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FIG. 2. Schematic depicting the moist energy balance model Hadley cell parameterization. A Gaussian weighting
function w(x), shown in the gray 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 Feqay(x). A streamfunction ¢ is then approximated us-
ing assumptions about gross moist stability (see section 2 and appendix B); ¢ is then used to flux moisture upgradient
while the rest is diffused downgradient and modulated by the weighting function. By summing the two terms and

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

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 to 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 green-
house gas forcing and use the MEBM to identify sources of un-
certainty in the pattern of P — E change. 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 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 remarkably successful at emu-
lating 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 4’ = ¢,T" + L,q’,
which gives

) 2mp dn’
P = =22 D0 - ) G )

where ¢, is the specific heat of air (1005 J kg 'K, ¢ is the
anomalous near-surface specific humidity (assuming fixed rel-
ative humidity of 80%), p; is surface air pressure (1000 hPa),

Brought to you by Caltech Library | Unauthenticated | Downloaded 04/28/23 02:35 PM UTC

g is the acceleration due to gravity (9.81 m s™2), 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-the-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 ™2 K™ 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)T"(x) = V- F'(x), (6)

which is a single differential equation that can be solved nu-
merically for 7”(x) and F'(x) given patterns of RAx), G'(x),
and A(x) and a value of D.

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 anom-
alous latent and dry static energy within the tropics. A sche-
matic depicting the mean-state Hadley cell parameterization
is shown in Fig. 2. We divide F'(x) into a component due to
the Hadley cells Fj;-(x) and a component due to the eddies
F44y(x), and define w(x) as the fraction of total energy trans-
port that is accomplished by the Hadley cells at a given
latitude:

Fie(x) = wx)F'(x) and  Flgq,(x) = [1 = w(x)]F'(x), and
™)

_ 2
w(x) = exp( 0_)26 ), (3)
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where o, is a width parameter, which we set to 0.3 following
Siler et al. (2018). In this formulation, eddies account for es-
sentially all anomalous energy transport poleward of 45°S and
45°N, while the Hadley cell accounts for most anomalous en-
ergy transport between 10°S and 10°N. Note that this formula-
tion 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 Fyyc(x) is equal to

Fc(x) = ¢x)H(x), &)

where (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 /4 in the upper and lower branches
at each latitude (see details below). However, because we are
considering P — E change under warming, the anomalous
poleward atmospheric heat transport by the Hadley cell is
represented as

Fyel®) = WOHE) + $0H () + ¢ (' (), (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 writ-
ten Eq. (10) in terms of a perturbation around the climatolog-
ical mean-state. Appendix B details how the climatological
state is approximated using the MEBM. In sections 3 and 4,
we use the climatological state of each GCM when doing
CMIP5 comparisons. For the idealized analyses of section 4,
the climatological state is equivalent to the multimodel mean
climatological state of the 20 CMIP5 GCMs under preindustrial
conditions, but symmetric about the equator so as not to intro-
duce hemispheric asymmetries. Note, for the idealized analysis,
we make the control fields symmetric about the equator to iso-
late the impact of the radiative feedback pattern only.

Following Held (2001) and Merlis et al. (2013), we assume
that anomalous upper tropospheric moist static energy is uni-
form in the tropics (e.g., Raymond et al. 2009) with a constant
value of 4. Thus, variations in H’(x) are due entirely to me-
ridional variations in A’ giving H’(x) =~ hj — h’(x), where
hy =1.08 X 1’(0), or 8% above h’ 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 &’ at the equator, but
was found to better emulate P — E change in GCMs. Each
GCM uses the same scaling factor. Higher scaling factors re-
sult in weaker Hadley cell mass fluxes and less tropical P — E.
The anomalous latent energy transport by the Hadley cell
F; ye(x) is thus

Fpe® = W 0L, + $LG @) + ¥ 0L,q @]
(11)

The assumption about moisture transport holds because the
upper branch of the Hadley cell is essentially dry, meaning
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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 sum-
ming the terms due to the Hadley cells and eddies:

Fp(x) = Fp gc() + F qay (%), (12)
where
v 27Tp 2 dq,
F =—1-w L pa - AL 1
L,eddy(x) ( w) g v ( x°) dx ( 3)

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

1 dF,
2ma? dx

P —E =-V-F(x)=— (14)
The essential feature of the MEBM framework is that it al-
lows for a self-consistent representation of atmospheric heat
transport, while allowing us to examine how different factors,
such as the patterns of A, G’, R, and T” impact that pattern of
P’ — E’. It also important to note this framework ensures that
P’ = E’ globally. In the next section, we compare the HS06
approximation and the MEBM solution. The HS06 approxi-
mation and the MEBM both contain three inputs. The HS06
approximation uses the pattern of temperature change, the
pattern (or value) of the Clausius-Clapeyron scaling factor,
and the climatological pattern of P — E; while the MEBM
uses the pattern of radiative feedbacks, the pattern of radia-
tive forcing, and the pattern of ocean heat uptake and as-
sumes that downgradient energy transport can be used to
predict P — E change.

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 model-specific
climatological states from a climatological version of the
MEBM (see appendix B).

Figure 3 shows the pattern of P — E change 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 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 approxi-
mation, suggesting that the MEBM is capturing changes in la-
tent energy transport that the HS06 approximation leaves
out. The MEBM also captures a narrowing of the ITCZ
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FIG. 3. Response of the hydrological cycle to global warming in a moist energy balance model. The pattern of 7 — E’ in 20 CMIPS5 simu-
lations 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 gray dashed vertical lines represent the P — E = 0 boundary in the climatology, which
corresponds to the subtropical regions; and the gray dotted vertical lines represent the extratropical P — E maximum, which is a measure of
the latitude of the storm tracks. Changes in subtropical boundaries and storm-track latitude can be inferred by comparing the P — E’
changes with these vertical lines.
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FIG. 4. Skill of the moist energy balance model. Scatterplots of the area-averaged P’ — E’ in the GCM, HS06 approximation (red), and
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Pearson correlation coefficient between the P’ — E’ responses from the MEBM and GCM (blue) and HS06 and GCM (red).

region, which occurs in every GCM analyzed here, and can
be inferred from Fig. 3 because P’ — E’ is negative at
the equatorward climatological 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 change 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 P — E change from each in-
dividual GCM, the MEBM solution, and the HS06 approxi-
mation, we take area-weighted averages of P — E change in
five distinct regions that represent the extratropics (90°—45°S
and 45°-90°N), the subtropics (45°-10°S and 10°-45°N) and
the deep tropics (10°S-10°N). In the extratropics, the MEBM
accounts for approximately 70% of the intermodel variance
while the HS06 approximation accounts for effectively none
(Figs. 4a,e). In the subtropics, the MEBM accounts for less in-
termodel variance (r* ~ 0.60; Figs. 4b,d), but still far more
than the HS06 approximation (+* =~ 0.10). In the deep tropics,
where the MEBM solution predicts larger increases in P — E
when compared to the HS06 approximation, the MEBM ac-
counts for approximately 50% of the intermodel variance,
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compared with about 10% for the HS06 approximation
(Fig. 4c).

a. Sources of uncertainty

Having demonstrated that the MEBM emulates the zonal-
mean P — E change for each individual GCM, we next inves-
tigate the reason for the good agreement between the MEBM
and GCMs, and the intermodel spread in the zonal-mean
P — E change. 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 dis-
aggregate the P — E change into separate contributions from
Ry, G’, and A by creating a baseline pattern of P’ — E’ for the
MEBM using the multimodel mean patterns of Ry, G’, and A.
We then run the MEBM using the GCM-specific patterns of
either Ry, G’, and A (Fig. A1) while holding the other two
variables fixed at their multimodel mean patterns. This gen-
erates a spread of MEBM P’ — E’ patterns due to intermo-
del differences in either Ry G’, and A. To understand
the relative importance of each contributing factor, we cal-
culate the variance of P/ — E’ as a function of latitude from
each individual factor. We then compute the fractional con-
tribution of each factor to the total variance by assuming



3506

JOURNAL OF CLIMATE

VOLUME 36

=

(=)

o
L

||
90 1

80 1
704

R mmm G

Fractional contribution to total variance [ % ]

60 1
50
404
301
201
10'[- A
E——

90°S to 45°S

o

45°S to 10°S

10°S to 10°N

10°N to 45°N 45°N to 90°N

Region

FIG. 5. Sources of uncertainty in the response of the hydrological cycle to global warming in
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averages over 90°—45°S, 45°-10°S, 10°S-10°N, 10°-45°N, and 45°-90°N.

that the variance associated with each factor can be added
linearly.

Figure 5 shows the fractional contribution of R, G’, and A
to the total variance in 7’ — 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). The Ry accounts
for 15%-30% of the intermodel variance in P’ — E’ patterns,
and accounts for more intermodel variance in the extratropi-
cal regions when compared to the tropics. Intermodel varia-
tions 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, ac-
counting for approximately 30%—40% of the intermodel vari-
ance in P — E’ in regions of large ocean heat uptake, such as
the North Atlantic and Southern Ocean (Marshall et al. 2015).

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 rel-
ative 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
change (Roe et al. 2015; Bonan et al. 2018), but its influence
on P — E change is less understood. To examine this, we run
the MEBM with the multimodel mean patterns of R; and
G’, and confine the intermodel spread of A to the tropics
(30°S-30°N) and extratopics (90°-30°S and 30°-90°N) while
the other region is set to the multimodel mean of A. This iso-
lates the impact of A uncertainty in one region on P’ — E’ un-
certainty in other regions, but does not isolate interhemispheric
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
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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 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 zonal-mean P — E
change simulated by GCMs under greenhouse gas forcing with
high skill, and this change 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 the zonal-mean P — E
change. The radiative-feedback patterns are constructed to il-
lustrate key differences between the MEBM and HS06 approxi-
mation. Note that the pattern of P — E’ from the HS06
approximation is purely thermodynamic, arising from the clima-
tological pattern of P — E and the spatial pattern of warming,
whereas the pattern of P/ — E’ from the MEBM is both ther-
modynamic 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

We first set G’ (x) = 1.54 Wm 2 and R{(x) = 635 W m 2,
which are the multimodel and global-mean values of the
CMIP5 GCMs. The D term is set to 1.05 X 10° m* s™', which
is the multimodel mean value of the CMIPS GCMs. We also
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take the multimodel mean climatological MEBM variables
(¢, H, T) and make them symmetric about the equator. Thus,
any asymmetries in the idealized analyses of section 4 result
from asymmetries in the pattern of radiative feedbacks only.
Next, we create four A patterns that broadly represent the in-
termodel spread of CMIP5 GCMs (see Fig. Al) 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 77 in Eq. (6) and solving for A.

2) The second A pattern is uniform with latitude and equiva-
lent to the multimodel 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 hemi-
spheres 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 — Ein 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 con-
tains a slight amplification of warming near the equator.

4) The fourth A pattern is antisymmetric across both hemi-
spheres 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 pro-
duces a pattern of warming that is more polar-amplified
in the Arctic and less polar amplified in the Antarctic, but
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also contains a slight amplification of warming near the
equator.

The resulting patterns of P’ — E’ are shown in the right
columns of Fig. 7, along with a comparison to the HS06 ap-
proximation. We briefly describe the patterns, before analyz-
ing 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 extra-
tropics (Fig. 7a), the pattern of warming is uniform. This re-
sults 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 sub-
tropics. Note that this P — E pattern contains no change in
the subtropical boundaries or narrowing of the ITCZ. How-
ever, 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 HS06 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 be-
tween 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>O0.

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

b. Tropics

In Figs. 1 and 3 we saw that, in the tropics, P — E change in
the MEBM is much larger than P — E change in the HS06
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FI1G. 7. Impact of radiative feedback patterns on the response of the hydrological cycle to global warming. (left) A pat-
tern of the net radiative feedback that induces (center) a pattern of warming: 1) that is uniform, 2) with equal degrees of
polar amplification in the Northern Hemisphere and Southern Hemisphere, 3) with equal degrees of polar amplification
in the Northern Hemisphere and Southern Hemisphere and amplified warming on the equator, and 4) with more polar
amplification in the Northern Hemisphere than Southern Hemisphere and amplified warming on the equator. (right)
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 HS06 approximation assuming o = 7% K ! globally and using the multimodel mean cli-
matological pattern of P — E from 20 preindustrial control simulations, which is shown in Fig. 1c. Note that the climato-
logical patterns have been symmetrized about the equator.
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approximation, and is in much better agreement with GCMs.
This is also evident in Fig. 7 with the idealized radiative feed-
back patterns. These differences are likely related to the fact
that the MEBM contains a Hadley cell parameterization which
simulates changes to the Hadley cell circulation strength under
warming. Thus, differences between the MEBM and HS06 ap-
proximation in the deep tropics can be understood through
the conservation statement for the atmospheric-moisture bud-
get for P — E under warming:

(P = Eye ==V-(L,q +WL,g+WLg), (15
where () represents the climatological state. Here, i and §
are derived by applying the MEBM to each preindustrial con-
trol 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’. 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 equiva-
lent 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 contribu-
tions from the three terms in Eq. (15), in the region influenced
by the Hadley cells (45°S—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 ther-
modynamic 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 spa-
tial 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, ¢/
causes an enhancement of P — E in the deep tropics. Between
5°S and 5°N, changes to i contribute to an enhancement of
approximately 0.5 mm day ' in P — E. Likewise, under am-
plified warming of the Arctic, more muted Southern Hemi-
sphere 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 change in
the deep tropics, we now focus on the mechanisms responsi-
ble 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. Rearrang-
ing for y/(x) gives
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where | represents changes to  that result from changes in
the poleward heat transport by the Hadley cell and ¢/, repre-
sents changes to ¢ that result from changes in gross moist sta-
bility, or the stratification of the tropical atmosphere. Note
that gross moist stability always scales at 8% above the equa-
tor value of A, but can change due to changes in /’. These
two terms can be combined with Eq. (15) to produce

(P = Eye =—V-|¥L,q + WL,q + ¥L,q)
Sie? Vet

term 1

, (17)
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term 2

where now P’ — E’ can be decomposed into three terms: a ther-
modynamic 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 circula-
tion strength into the two terms from Eq. (16) (see Figs. 9c,d).
The decomposition shows that changes to the poleward heat
transport by the Hadley cell (i.e., term 1) largely act to
strengthen i, 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 weak-
ens  (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 fol-
lowing the climatological state (see solid gold line in Figs. 9e.f).
This is also true for a uniform pattern of A, where there are
smaller changes to i, but again little-to-no change to the spatial
structure of s (see dashed gold line in Figs. 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 A in GCMs—a different story emerges. Here, the small
bump in warming in the deep tropics leads to an excess of en-
ergy in the deep tropics (see green lines in Fig. 9a). This drives
a stronger Hadley cell in the deep tropics because of an in-
creasing poleward heat flux (see green lines in Fig. 9c). The
excess energy of the deep tropics cannot be radiated away
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FI1G. 8. Impact of radiative feedback patterns on the tropical hydrological cycle response. The pattern of P* — E’ be-
tween 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 Hemi-
sphere 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 fol-
lowing section 4a (see Fig. 7). The blue dashed line denotes the MEBM solution. The red dashed line denotes the
HS06 approximation assuming o = 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 - (J/qu’). The purple dashed line is the
P" — E’ pattern with circulation strength changes and changes to the moisture content of the atmosphere,
V-(y/'L,q) + V- (L q’). Note that the latitude range is confined to 45° as this is where the Hadley cell parameteriza-

tion exhibits little-to-no influence on moisture transport.

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

Term 2, which represents changes to ¢ from gross moist sta-
bility changes, is small and cannot oppose the changes to ¢ in
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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
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dashed line denotes the Arctic-amplified warming and equator warming case.
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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 iy outcompetes the strengthening
of ¢ from an increase poleward heat flux (cf. Figs. 9c,d). 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 ex-
ported from the tropics to the poles, strengthening ¢. At the
same time, the increase in gross moist stability weakens i, 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. To-
gether, 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 change from the MEBM and the
HSO06 approximation are approximately equal under uniform
warming (Fig. 7a), but are different under polar-amplified
warming (Figs. 7b—d). Under polar-amplified warming the
MEBM predicts less enhancement of high-latitude P — E
than HS06, and is in better agreement with the GCMs
(see Figs. 1a and 3). The MEBM also predicts an expansion of
the subtropical regions (see sections 1 and 3). To understand
how these 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, dp

P —E =P -E)— = 1
BP—E)~5—F, . (18)
term 1 -
term 2
where
2\, dT'/dx
p= (“ - T)T T dTiax (19)

Equation (18) implies that the pattern of P — E change is am-
plified under global warming by a factor of B(x). Term 1 repre-
sents changes to the moisture content of the atmosphere, while
term 2 represents changes to the poleward moisture transport
by eddies. HS06 argue that Eq. (18) can be simplified to Eq. (4)
by ignoring changes in the pattern of warming, which means
that B is approximately uniform and thus term 2 in Eq. (18) 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. (18) being close
to zero and the structure of P — E change is simply the existing
pattern of P — E amplified by the pattern of warming, which is
consistent with Fig. 7c. However, under polar-amplified warm-
ing these arguments make less sense, as strong meridional varia-
tions in 77 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
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(poleward of 30°) using the two terms in Eq. (18), the MEBM
solution, and the HS06 approximation from Fig. 7. Under uni-
form warming, where the MEBM and HS06 approximation are
approximately equal, the contribution of changes to the pole-
ward moisture transport is relatively small (Fig. 10a). This oc-
curs because d7”/dx = 0, making B relatively uniform and thus
the transport of moisture [i.e., term 2 in Eq. (18)] is close to
zero. However, under polar-amplified warming the MEBM and
HSO06 approximation diverge because of changes to spatial
structure of B and changes to the poleward moisture transport
(Figs. 10b—d). Because 7" increases with latitude, the meridional
temperature gradient weakens and therefore B decreases
everywhere, which partially offsets the Clausius—Clapeyron ef-
fect. The same feature is seen under an asymmetric pattern of
warming (Fig. 10d). When warming is amplified mainly in the
Arctic, there is a reduction of P/ — E’ equal to approximately
0.2 mm day~! uniformly in the Northern Hemisphere extra-
tropics. This decrease in poleward moisture transport reduces
the enhancement of P/ — E’ in the high latitudes, and brings
the MEBM in line with the changes seen in GCMs.

d. Connection to CMIPS5 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. (15), which detail thermodynamic
and dynamic changes to P — E under warming. This is the
same decomposition shown in Fig. 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 ¢ results in enhancement of P — E in the deep
tropics. Between 5°S and 5°N, changes to i contribute to
an enhancement of approximately 0.6 mm day™! in P — E.
In GCMs with larger P — E changes in the deep tropics (e.g.,
ACCESSL.0 and MIROC-ESM), V- ('L, q) and V- (/L q’)
contributes to 0.8-0.9 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") contrib-
utes 0.3-04 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 change in the deep tropics is significantly im-
pacted by changes in Hadley cell strength. The mechanism for
this is detailed in Fig. 9 and related to the fact that some
GCMs exhibit a narrowly peaked pattern of less negative or
even positive feedback values in the deep tropics near the equa-
tor. 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 radiative feedback value in the deep tropics
(averaged between 5°S and 5°N) is strongly correlated (r = 0.68)
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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 ampli-
fied 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 HS06 approximation assuming a = 7% K ! globally. The blue dash—dotted line is the P — E’ pattern
from term one in Eq. (18), 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. (18), which represents changes to the transport of moisture under warm-
ing. The gray dashed line is the P’ — E’ pattern with transport changes included in addition to the full spatial structure of B [Eq. (18)].

with the P’ — E’ values between 5°S and 5°N. Similarly, the aver-  setting poleward heat transport, which acts to strengthen the
age divergence of the northward column-integrated atmosphere ~ Hadley cell circulation in the deep tropics and enhance P — E.
energy transport averaged between 5°S and 5°N is also strongly The skill of the MEBM in emulating the Hadley cell mass-
correlated (r = 0.72) with the P/ — E’ values between 5°S and  flux changes is further compared with the actual streamfunc-
5°N. This highlights the importance of radiative feedbacks in  tion of the CMIPS GCMs, which is calculated as
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F1G. 11. Tropical hydrological changes in CMIPS. The pattern of P’ — E’ between 45°S and 45°N for each GCM. The black line de-
notes 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- (J/Luq’). 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 ex-
hibit little-to-no influence on moisture transport.
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MEBM and GCM.

Py

. p) = 22T =) (ol (20)
where [v] is zonal-mean and time-mean meridional velocity
as a function of latitude and pressure p. To compare the Had-
ley cell mass flux of each GCM with the MEBM, we take the
maximum magnitude (positive or negative) of the meridional
mass streamfunction in Eq. (20) to produce the CMIP5 Had-
ley cell mass-flux strength ¢,x(x).

The strengthening of the Hadley cell in the deep tropics
and the weakening of the subtropics in the MEBM is consis-
tent with the response from CMIP5 GCMs (not shown), but
the MEBM tends to underpredict changes to i,.x in each
hemisphere, which can be seen in Fig. 12. However, the aver-
age 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 0.67) with the Had-
ley cell mass-flux change in CMIP5 (Fig. 12). Further work is
required to understand the precise reasons why the MEBM
and the CMIP5S GCMs agree well and how these results
connect to the dynamical theories of the Hadley cell circula-
tion (Held and Hou 1980; Schneider 2006). Furthermore, it
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is unclear here if the pattern of radiative feedbacks arises
from the circulation changes and the MEBM simply cap-
tures this relationship. Nonetheless, the agreement suggests
that downgradient energy transport provides a strong con-
straint on the Hadley cell mass-flux changes and tropical
P — E changes.

2) EXTRATROPICAL HYDROLOGICAL CHANGES

Figure 13 shows a decomposition of P/ — E’ poleward of
30° into the two terms from Eq. (18), which represent changes
to the moisture content of the atmosphere and changes to the
poleward moisture flux. This is the same decomposition
shown in Fig. 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 0.1-0.2 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 Fig. 13, GCMs with a stronger polar amplification tend to
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FI1G. 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. (18) using MEBM output, 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. (18) using MEBM output, which represents changes to
the transport of moisture under warming.
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have a stronger reduction in the poleward moisture transport,
and stronger subtropical drying.

5. Discussion and conclusions

Changes to P — E over the twenty-first century are pre-
dicted 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 mag-
nitude and spatial structure of P — E changes remains uncer-
tain. 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 parameteriza-
tion (Siler et al. 2018). We showed that the MEBM accurately
emulates P — E change and accounts for a majority of the in-
termodel variance in P — E change as simulated by GCMs un-
der greenhouse gas forcing. We then used the MEBM to
identify sources of uncertainty in the pattern of P — E change
under warming. Using zonal-mean patterns of radiative forc-
ing 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 change in the deep tropics, subtropics, and extra-
tropics. The intermodel spread in P — E change in these re-
gions arises primarily from intermodel differences in A, with
Ryand 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
change. Finally, by confining the intermodel spread of A to
different regions, we showed that intermodel variations in
tropical A impact P — E change globally, whereas intermodel
variations in polar A mainly impact P — E change in the poles.

Motivated by the fact that A plays a leading role in setting
zonal-mean P — E change, we constructed a set of idealized A
patterns and used some extended scalings to further investi-
gate the processes impacting zonal-mean P — E change. We
demonstrated that P — E change depends crucially on the me-
ridional pattern of warming and the anomalous net energy in-
put into the atmosphere. Under uniform warming, P — E
change occurs 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 in-
crease 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 nar-
rows, deviating strongly from the thermodynamic scaling of
HSO06. 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 stabil-
ity, which weakens ¢, outcompetes the poleward heat trans-
port changes in the subtropics, where moist-static energy
gradients are stronger. These two processes change the spatial
structure of ¢ and cause a convergence of moisture in the
deep tropics, increasing P — E in the tropics and decreasing
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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 hydro-
logical 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 re-
sponses give rise to the radiative feedbacks and the radiative
feedbacks simply reflect these changes. Finally, under hemi-
spherically asymmetric warming, where warming is more am-
plified 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 over-
all 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 mois-
ture 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 extra-
tropics. 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 subtropi-
cal drying between each hemisphere by affecting the poleward
heat flux, and thus the strength of the Hadley cell circulation.
Furthermore, the role that radiative feedbacks play in setting
P — E changes under warming suggests that studying the
effect of each individual radiative feedback may help iden-
tify limits of the “wet-gets-wetter, dry-gets-drier” paradigm,
and offer insights into potential biases in GCMs. Analysis
of individual radiative feedbacks in the MEBM might also
improve understanding of how feedbacks influence the circula-
tion responses in so-called “feedback locking” experiments.
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 ener-
getic constraints can be used to understand other dynamical
features in GCMs (e.g., Feldl and Bordoni 2016) or the sea-
sonality 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 A and G’ are truly independent of at-
mospheric energy transport and the circulation responses
themselves. Furthermore, the assumption that D is spatially
uniform and invariant under warming is surely a crude ap-
proximation. Previous work has shown that D can be approxi-
mately 75% larger in the midlatitudes when compared to the
subtropics (Frierson et al. 2007; Peterson and Boos 2020) and
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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 changes
between latent-energy transport accomplished by eddies and
the Hadley cell under warming; or changes to the structure of
upper-tropospheric moist-static energy under warming. For
instance, the disagreement between subtropical 7 — E’ in
MEBM and GCMs 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 for better
parameterizations of gross moist stability like making it pro-
portional to the meridional gradient in moist static energy
(e.g., Frierson et al. 2006; Frierson 2008) or dependent on the
location of the ITCZ. Such work might help reconcile these
results with the momentum-based theories of the Hadley cell
(Held and Hou 1980; Schneider 2006)

Despite these shortcomings, the fact that the MEBM emu-
lates zonal-mean P — E changes as simulated in GCMs under
greenhouse gas forcing, suggests that the MEBM and the pro-
cesses it represents offers a parsimonious understanding of
the causes of hydrological change that is distinct from the sim-
ple 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 hy-
drological 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 in-
termodel spread in P — E changes. Our results suggest that, for
as long as tropical feedbacks and polar amplification remain un-
certain and poorly constrained among GCMs, projections of
the spatial pattern of hydrological change will also remain un-
certain. More broadly, our results imply that downgradient en-
ergy 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.
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APPENDIX A

CMIP5 Output

We use monthly output from 20 different GCMs partici-
pating 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 calculat-
ing RAx), G’(x), and A(x). For each GCM, we calculate
anomalies in each variable, denoted by prime, as the differ-
ence 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 varia-
bles are annual and zonal means computed from monthly
output. The variables include all-sky shortwave and long-
wave radiation at the surface and top-of-the-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 evapo-
ration (evs).

The R((x) is calculated from the change in top of atmo-
sphere (TOA) radiation in 4 X CO, simulations performed
with fixed preindustrial sea surface temperatures (Siler et al.
2019). The G’(x) is calculated as the change in net surface
heat fluxes in 4 X CO, simulations performed in fully cou-
pled GCMs. The A(x) is calculated by equating the zonal-
mean net TOA radiation anomaly with A(x)7T"(x) + RAx).
Figure Al shows the patterns of R{x), G’(x), and A(x) for
each GCM.

APPENDIX B

Climatological Hadley Cell Parameterization

In the main text, we introduce the Hadley cell parameter-
ization using the perturbation version of the MEBM. How-
ever, the mass transport of the Hadley cell and thus the
pattern of P/ — E’ depends to some extent on the climato-
logical state via Egs. (10) and (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 cal-
culating the net heating of the atmosphere Q,((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
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the meridional gradient in 4, the climatological version of
the MEBM (with a constant D) is

Ds

__ b pdl,_ 2 dh
Qnet(x) - llngdx [(1 X )dx .

(B1)

The MEBM climatological values of 7(x) and g(x) (assum-
ing relative humidity is fixed at 80%) can be found by mini-
mizing the difference between the zonal-mean near-surface
air temperature and Q. from each GCM using Eq. (B1).
A similar procedure as described in section 2 is then used
to calculate y(x), H(x), and P — E except that the poleward
heat flux and moisture flux take the form of

Fucx) = ¢(x)H(x), and (B2)

FLch(x) = —llf(x)qu(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 multimodel mean patterns and made to be
symmetric about the equator.

APPENDIX C

Diffusive Energy Transport Scaling

The scaling in Eq. (18) 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 F; to the sen-
sible heat transport Fg will be the ratio of the meridional gra-
dient of L,q to the meridional gradient of ¢,T, meaning:

F, L,dq
=2, (C1)
Fg ¢, dT
where
dq _ dqldx
dT  dTldx’ )
Because the Clausius—Clapeyron equation states that
dq _
ﬁ = oq, (C3)

the fractional change in the moisture transport under warm-
ing can be approximated as

Fp_(aq) | F§

) (C4)
F, aq F
which can be rearranged to be
F; 2 Fs
L o —ZIT + =5, C5
F, (“ T) F (©5)
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Thus, the change in moisture transport under warming can
be written as

Fp(x) ~ BF; (%), (Co)
where
2 dT’ld
B = (a - ?)T’ + —dT/d;‘. (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 the divergence of Eq. (C6) which,
together with Eq. (C7), results in

, /7 _ _ 1 dB
P —-—FE =B8{P—-E) i F, e (C8)
term 1 termv N

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. HS06
argue that the dependence of the saturation vapor pressure
on T 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 sec-
ond 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 P — E’ = B(P — E) = aT'(P — E), which
is exactly Eq. (4). Thus, for the extratopics, the HS06 scaling
and the MEBM differ because of the pattern of temperature
change 7" and the climatological pattern of 7, which deter-
mine the moisture content of the atmosphere and poleward
moisture transport.
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