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ABSTRACT

Sources of intermodel differences in the global lapse rate (LR) and water vapor (WV) feedbacks are assessed

using CO2 forcing simulations from 28 general circulation models. Tropical surface warming leads to significant

warming and moistening in the tropical and extratropical upper troposphere, signifying a nonlocal, tropical

influence on extratropical radiation and feedbacks.Model spread in the locally defined LRandWV feedbacks is

pronounced in the SouthernOcean because of large-scale ocean upwelling, which reduces surface warming and

decouples the surface from the tropospheric response. The magnitude of local extratropical feedbacks across

models and over time is well characterized using the ratio of tropical to extratropical surface warming. It is

shown that model differences in locally defined LR and WV feedbacks, particularly over the southern extra-

tropics, drive model variability in the global feedbacks. The cross-model correlation between the global LR and

WV feedbacks therefore does not arise from their covariation in the tropics, but rather from the pattern of

warming exerting a common control on extratropical feedback responses. Because local feedbacks over the

Southern Hemisphere are an important contributor to the global feedback, the partitioning of surface warming

between the tropics and the southern extratropics is a key determinant of the spread in the global LR andWV

feedbacks. It is also shown thatmodelAntarctic sea ice climatology influences sea ice area changes and southern

extratropical surface warming. As a result, model discrepancies in climatological Antarctic sea ice area have a

significant impact on the intermodel spread of the global LR and WV feedbacks.

1. Introduction

The key features of the tropospheric warming re-

sponse to increased greenhouse gas concentrations have

long been understood from pioneering simulations

performed with general circulation models (GCMs;

Manabe and Wetherald 1975). In the tropics, where

moist convection is the dominant process in setting the

lapse rate, atmospheric warming largely follows a moist

adiabat, which leads to amplified temperature change

aloft relative to the surface (Manabe and Stouffer 1980;

Santer et al. 2005). At high latitudes, where the atmo-

sphere is stable, warming is largely confined to the lower

troposphere (Manabe andWetherald 1975; Screen et al.

2012). Arctic surface warming greatly exceeds global

average surface temperature change—a phenomenonCorresponding author: Stephen Po-Chedley, pochedley1@llnl.gov
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known as Arctic amplification (e.g., Manabe and

Stouffer 1980; Holland and Bitz 2003; Serreze and

Francis 2006). In contrast, surface warming over the

subantarctic region is muted in transient warming sim-

ulations (Stouffer et al. 1989; Manabe et al. 1991) be-

cause of circumpolar upwelling of nonequilibrated

waters from depth (Armour et al. 2016). These charac-

teristic atmospheric responses are seen both in obser-

vations and in GCM simulations forced with increasing

greenhouse gas concentrations (Fu et al. 2004;

Hartmann et al. 2013; Santer et al. 2013; Po-Chedley

et al. 2015; Stouffer and Manabe 2017).

The horizontal and vertical structure of tropospheric

warming is an important component of greenhouse

gas–induced climate change. Tropospheric warming

represents a fundamental climate feedback, the temper-

ature feedback, which can be decomposed into vertically

uniform (Planck feedback) and nonuniform (lapse rate

feedback) constituents. Enhanced warming in the tropi-

cal upper troposphere increases longwave emission to

space, leading to a negative tropical lapse rate (LR)

feedback that acts to damp global temperature change

under climate forcing (Hansen et al. 1984; Colman 2001;

Bony et al. 2006). In regions where surface warming ex-

ceeds upper-tropospheric warming, such as in the Arctic,

the LR feedback is positive (e.g., Ramanathan 1977;

Schlesinger andMitchell 1987; Colman 2001; Crook et al.

2011; Armour et al. 2013; Atwood et al. 2016; Feldl et al.

2017b). As a result, the LR feedback is a primary con-

tributor to Arctic amplification (Pithan and Mauritsen

2014). Furthermore, it has been shown that the LR

feedback interacts with the albedo feedback such that the

two processes amplify one another, which in turn in-

fluences changes in atmospheric poleward heat transport

(Graversen et al. 2014; Feldl and Bordoni 2016; Feldl

et al. 2017a).

An important feedback that is closely related to the

lapse rate feedback is the water vapor (WV) feedback

(Cess 1975; Hansen et al. 1984). Tropospheric water

vapor is a strong greenhouse gas, and increases in water

vapor concentration with warming represent the largest

positive climate feedback. To first order, atmospheric

moistening follows the Clausius–Clapeyron relation

(Soden and Held 2006). In the tropics, warming largely

follows a moist adiabat such that warming and moist-

ening are largest in the upper troposphere, where out-

going radiation is most sensitive to temperature and

humidity perturbations (e.g., Held and Soden 2000;

Soden and Held 2006). The tropics therefore strongly

contribute to the individual global LR and WV feed-

backs, but the net contribution of the tropics is much

weaker when the feedbacks are combined (e.g., Colman

2001; Soden and Held 2006; Bony et al. 2006). The

physical connection between LR and WV feedbacks

suggests that they should be analyzed together when

considering sources of intermodel spread in feedback

strength.

On a global scale, GCMs exhibit a large range of

global average surface temperature responses when

forced with the same increases in greenhouse gas

concentrations (e.g., Flato et al. 2013). Uncertainties

in projected warming are largely due to uncertainties

in the climate feedbacks that amplify or damp the

initial radiative response (Colman 2001; Dufresne and

Bony 2008; Caldwell et al. 2016). We define the cli-

mate feedback l as the area-average radiative re-

sponse DR resulting from a given feedback process

divided by the area-average surface temperature

change DT:

l5
DR

DT
, (1)

where the overbar denotes area-weighted spatial aver-

aging. This formulation can be used to define local and

regional feedbacks when feedbacks are considered

over a nonglobal domain (e.g., the tropics). A conven-

tional metric for intermodel comparison is the global

effective feedback leff, defined here using the global

average radiative and surface temperature change:

l
eff
(t)5

DR
global

(t)

DT
global

(t)
. (2)

Although we largely focus on intermodel differences in

the long-term, time-averaged lapse rate and water vapor

feedbacks, global effective feedbacks do exhibit changes

over time t (Winton et al. 2010; Armour et al. 2013;

Andrews et al. 2015; Rose and Rayborn 2016; Armour

2017; Proistosescu and Huybers 2017).

The effective global LR feedback llr,eff and the ef-

fective global WV feedback lwv,eff are highly variable

across models. Soden and Held (2006) showed that, in

the global average, models tend to moisten at approxi-

mately constant relative humidity, such that llr,eff co-

varies with lwv,eff across models (Soden and Held 2006;

Fig. 1a). Even though these feedbacks tend to cancel one

another, the sum of llr,eff and lwv,eff still accounts for

approximately one-third of the multimodel global mean

surface warming response to increases in carbon di-

oxide, and is an important component of the spread in

climate sensitivity (Dufresne and Bony 2008; Vial et al.

2013). The LRandWV feedbacks also have physical and

statistical connections to the cloud feedback, which is

the primary driver of intermodel differences in climate

sensitivity (Ramanathan 1977; Zelinka and Hartmann
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2010; Mauritsen et al. 2013; Caldwell et al. 2016; Zhou

et al. 2016).

One framework for interpreting climate feedbacks is

that the local top-of-the-atmosphere (TOA) radiative

response is assumed to depend on local surface warming

(Armour et al. 2013; Feldl andRoe 2013; Roe et al. 2015),

leading to a local feedback [l(r) 5 DR(r)/DT(r)]. In this

view, the local Planck feedback has the useful property of

being near constant across models and over time, but

varying spatially primarily because of the temperature

dependence of blackbody radiation (Feldl and Roe 2013;

Feldl et al. 2017b). Differences in the warming pattern

over time or across models can then modulate the

strength of the effective global average feedback via the

following relationship (Armour et al. 2013):

l
eff
(t)5 l(r, t)

DT(r, t)

DT
global

(t)
, (3)

where the overbars represent spatial averaging over the

globe. Equation (3) represents the activation of spatially

dependent local feedbacks by a particular pattern of

surface warming, where l could in principle depend on

both space and time (Rose et al. 2014; Andrews et al.

2015). It is also possible that individualGCMsmay differ

in their representation of local feedback processes. For

example, differences in the way in which models pa-

rameterize deep convection could result in tropical

feedbacks that differ across models.

Soden andHeld (2006) found the intriguing result that

the global LR andWV feedbacks are strongly related to

the ratio of tropical to global surface warming (Fig. 1b).

However, the physical basis for this finding is not yet

fully understood. One plausible interpretation in terms

of local feedbacks is as follows: Because the tropical

troposphere is convectively coupled to the tropical

ocean surface, warming of the tropical ocean surface

leads to enhanced upper-tropospheric warming and

moistening and a negative (positive) local LR (WV)

feedback. Since the global effective feedbacks are nor-

malized by the global average surface temperature,

models with a larger ratio of tropical to global surface

warming exhibit stronger LR and WV feedbacks. It is

also possible, however, that local lapse rate and water

vapor changes, and their associated feedbacks, may

depend on the spatial pattern of surface warming itself.

Indeed, several studies have shown that local feedbacks

depend on nonlocal processes, such as the collocation of

warming with tropical deep convection (Flannaghan

et al. 2014; Ferraro et al. 2015; Zhou et al. 2016; Po-

Chedley 2016) and poleward atmospheric heat transport

(Payne et al. 2015; Cronin and Jansen 2016). In contrast

to the tropical vertical temperature profile, which is

largely set by radiative–convective equilibrium, the

high-latitude vertical temperature profile is set by

radiative–advective equilibrium (Payne et al. 2015). In

these regions, the vertical profile of warming and

moistening is dependent both on surface processes (e.g.,

albedo changes) as well as on tropospheric warming that

arises in part from poleward heat transport. In this case,

it is important to identify and understand nonlocal in-

fluences on regional feedbacks.

A key question is then, what sets the magnitude of the

global LR and WV feedbacks and their variation across

models? On one hand, they could be primarily driven by

variations in the pattern of surface warming activating

regions of differing feedback strengths; on the other

hand, it could be the pattern of surface warming itself

contributing nonlocally to the magnitude of the locally

FIG. 1. (a) Global effective WV feedback vs the global effective

LR feedback for each CMIP5 model analyzed here. (b) The global

effective LR (black) and WV (red) feedbacks vs the ratio of

tropical to global mean surface warming for each model. Note that

there is a discontinuity in the y axis in (b).
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defined LR and WV feedbacks. Alternatively, different

approaches in parameterizing subgrid processes, such as

convection, may also be important. Here we quantify

these sources of variation in the global LR and WV

feedbacks across an ensemble of climate models by an-

alyzing the principal patterns of feedback variability

under CO2 forcing.

2. Data

The models considered in our study are from phase 5

of the CoupledModel Intercomparison Project (CMIP5;

Taylor et al. 2012). We compare the response of models

forced with an abrupt quadrupling of carbon dioxide

(abrupt4xCO2 experiment) to control simulations

with a constant preindustrial CO2 concentration (pi-

Control simulation). The climate radiative feedback

fields used in this study are from Caldwell et al. (2016).

Caldwell et al. (2016) used the difference between each

model’s abrupt4xCO2 experiment and the contempo-

raneous 21-yr running mean from the piControl simu-

lation for feedback calculations. Feedbacks are

calculated using all-sky radiative kernels from Soden

et al. (2008). Radiative kernels represent the TOA ra-

diative response (i.e., ›R) to atmospheric and surface

state perturbations (i.e., ›x). The radiative kernel ›R/›x

can then bemultiplied by the warming response (i.e., dx)

of a given state variable (e.g., temperature and water

vapor) to estimate the radiative impact of its changes. As

discussed above, the global effective feedback is the

global radiative response normalized by global mean

surface warming [Eq. (2)]. The temperature and water

vapor kernels used in this assessment (Soden et al. 2008)

are included as Fig. 2 for reference.

To aid in interpreting the intermodel spread in the

LR and WV feedbacks, we also analyze changes in

CMIP5 near-surface air temperature (tas), atmospheric

temperature (ta) and humidity (hus), and sea ice

concentration (sic). All fields considered in this study

are from each model’s r1i1p1 realization. Unless

otherwise noted, the perturbed fields and feedbacks

are calculated using the annual average response 120–

140 years after CO2 quadrupling, which effectively

removes the influence of year-to-year variability on

the results presented here. Caldwell et al. (2016) de-

termine the global feedbacks by regressing the radiative

changes against global temperature, whereas we simply

divide the radiative change by the surface temperature

change [Eq. (1)]. The results are expressed relative to

the contemporaneous segment of the piControl simu-

lation. Since we utilize the feedback calculations

from Caldwell et al. (2016), we consider the same 28

models. We also make use of the European Centre for

Medium-Range Weather Forecasts (ECMWF) interim

reanalysis (ERA-I) product to estimate observationally

based trends and variability in atmospheric temperature

and humidity since 1979 (Dee et al. 2011).

As noted above, a number of previous studies have

summed the LR andWV feedback into one term, which

has reduced intermodel spread compared to the indi-

vidual LR andWV feedbacks (e.g., Colman 2003; Soden

and Held 2006). Held and Shell (2012) used the sum of

the temperature radiative kernel (the longwave effect

of a 1-K temperature perturbation) and the water vapor

radiative kernel (the longwave and shortwave effect of

FIG. 2. Zonal mean radiative kernels for (a) temperature,

(b) WV, and (c) the sum of (a) and (b). The kernel represents the

TOA radiative response (positive down) for a 1-K temperature

perturbation. For WV, the kernel represents the sensitivity to WV

changes for a 1-K temperature perturbation at constant RH. Ra-

diative kernels are from Soden et al. (2008). Note that the x axis is

scaled by the sine of the latitude, and the x-axis limits are 6908.
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water vapor for a 1-K temperature increase assuming

constant relative humidity) to calculate a lapse rate

feedback that includes the influence of water vapor at

constant relative humidity (denoted as ~llr). The sum of

the temperature andwater vapor kernels is also included

in Fig. 2. In the Held and Shell (2012) partitioning,

changes in moisture associated with vertically uniform

warming are included in the Planck feedback, and

changes in moisture associated with deviations from

vertically uniform warming are a part of the lapse rate

feedback. The contribution from changes in relative

humidity (RH) are expressed separately as the RH

feedback ~lrh. On regional scales, changes in relative

humidity can be important, particularly in the tropics

and subtropics (O’Gorman and Muller 2010). Radiative

effects of temperature and humidity changes expressed

in the traditional feedback framework (llr,eff 1 lwv,eff)

strongly covary (r 5 0.95) with corresponding results

from the Held and Shell (2012) constant-RH frame-

work (~llr,eff 1 ~lrh,eff), and the two definitions have nearly

identical intermodel variance. The two sets of definitions

have different absolute values, however, because Held

and Shell (2012) include the radiative effects of the

moistening associated with vertically uniform warming in

the Planck feedback.

Model differences in the simulation of relative hu-

midity changes may relate to the simulation of moisture

transport (Sherwood et al. 2010), although some ana-

lytical theories relate relative humidity changes to hu-

midity climatology (Singh and O’Gorman 2012; Romps

2014). We primarily use the Held and Shell (2012) for-

mulation to separate the effects of lapse rate changes at

constant relative humidity ~llr and changes in relative

humidity ~lrh, although some results are also presented in

terms of the conventional LR llr andWV lwv feedbacks.

3. Variability in the local lapse rate and water vapor
feedbacks

Under the framework given in Eq. (3), the global ef-

fective feedback is a function of both the pattern of local

climate feedbacks and the pattern of surface warming.

Model differences in the global effective feedback can

arise from either term. To examine the geographic re-

gions in which models differ from one another, we show

both terms in Fig. 3. The zonally averaged LR and WV

feedbacks (i.e., the zonal mean radiative change result-

ing fromLR andWV changes divided by the zonal mean

surface temperature change) tend to have small inter-

model spread at most latitudes, except in the sub-

antarctic region, where models tend to disagree

substantially (Figs. 3a,b). The sum of the LR and WV

feedbacks also show large spread in this region (Fig. 3c).

These results suggest that the Southern Ocean may be

important in understanding the intermodel spread in the

global effective LR and WV feedbacks.

Using theHeld and Shell (2012) definition of the lapse

rate feedback at constant relative humidity, we find a

similar result: Most of the model disagreement in the

local feedback is concentrated in the subantarctic region

(Fig. 3d). In contrast, the intermodel spread in the rel-

ative humidity feedback is largest in the tropics, with

relatively little spread in the extratropics, as suggested

by Vial et al. (2013) (Fig. 3e). The common intermodel

variability in the LR and WV feedbacks over the sub-

antarctic region suggests model disagreement in this

region may be caused by the same physical mechanism.

Further, since relative humidity contributions to the

feedbacks are small in the extratropics, ~llr is represen-

tative of the sum of the LR and WV feedbacks (r 5
0.99). In addition to these features of the spread in the

individual feedbacks, there is also substantial inter-

model spread in the pattern of warming over polar and

subpolar regions (Fig. 3f). As noted in the introduction,

models tend to have a minimum in warming over the

subantarctic region and a maximum in warming over

the Arctic.

Next, we explore possible drivers of the intermodel

spread in the magnitude of local feedbacks over the

subantarctic region. Several studies have pointed out

that the pattern of surface warming can have nonlocal

effects. Flannaghan et al. (2014) showed that preferen-

tial sea surface warming in the tropical Pacific warm

pool results in enhanced upper-tropospheric warming

throughout the tropics. Similarly, Butler et al. (2010)

showed that a heating source in the tropical upper tro-

posphere tends to warm the midlatitude troposphere.

Screen et al. (2012) also found that the remote influence

of the tropics is critical to reproducing the observed

vertical and seasonal warming in the Arctic. Other work

has also shown that warming over high latitudes can

have a similar nonlocal effect (e.g., Roe et al. 2015;

Deser et al. 2016). In contrast, several studies indicate

that a heating source applied in the polar lower tropo-

sphere leads to warming that is largely confined to the

near surface in the middle and high latitudes (Butler

et al. 2010; Laliberté and Kushner 2013). These studies

analyzed the patterns of atmospheric warming associ-

ated with various patterns of heating or sea surface

temperature changes within a particular set of models.

We find similar sets of patterns looking across the 28

CMIP5 models considered here. In Fig. 4, we show the

zonal mean atmospheric warming pattern associated

with southern extratropical (Fig. 4a; 308–908S), tropical
(Fig. 4b; 308S–308N), and northern extratropical (Fig. 4c;

308–908N) surface warming. Specifically, we contour the
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slope of the linear relationship between zonal mean at-

mospheric warming (28GCMpredictands at each point)

and area-averaged surface warming (28 GCM pre-

dictors) across models (hatching denotes a relationship

that is statistically significant at the 5% level or better).

In the models analyzed here, enhanced tropical upper-

tropospheric warming that extends through the mid-

latitudes is related to tropical surface warming (Fig. 4b).

Models with larger surface warming in the southern

extratropics tend to be associated with polar amplifica-

tion of warming that is largest and most significant in the

SH lower troposphere (Fig. 4a). A similar pattern

emerges in the northern extratropics. Since surface

warming in the northern extratropics is significantly re-

lated to surface warming in the tropics (r 5 0.72 across

the 28 CMIP5 models), the statistical significance of the

response in the tropical troposphere is more pronounced

in Fig. 4c. The relationship between surface warming in

the tropics and southern extratropics is much weaker

(r 5 0.42). A likely explanation for this asymmetric

behavior is that heat fluxes in the Southern Ocean are

largely balanced by ocean heat transport associated with

equatorward flow of surface waters (Marshall et al. 2015;

Armour et al. 2016). As a result, southern extratropical

surface warming, in the subantarctic region in particular,

is relatively insensitive to enhanced atmospheric pole-

ward heat fluxes associated with tropical warming. In the

northern extratropics, where the ocean does not com-

pensate for atmospheric poleward heat flux, surface

warming is more sensitive to the remote influence of the

tropics (Screen et al. 2012; Marshall et al. 2015; Ding

et al. 2017).

Similar relationships between surface and atmo-

spheric temperature also appear using observational

reanalysis products. In Fig. 4, we use ERA-I for the

period 1979–2016 to regress the regional average,

annual-mean surface temperature in the southern ex-

tratropics (Fig. 4d), tropics (Fid. 4e), and northern ex-

tratropics (Fig. 4f) against atmospheric temperature. In

producing Figs. 4d–f, the reanalysis data are not de-

trended, but we obtain qualitatively similar results when

we detrend both the surface temperature and atmo-

spheric time series (not shown). The patterns derived

from interannual variations in ERA-I broadly match

those from intermodel differences in CMIP5 data. Dif-

ferences between the two analyses are likely the result of

FIG. 3. The zonal average local feedbacks for (a) LR llr, (b) WV lwv, (c) the sum of LR1WV, (d) constant-RH

LR ~llr, and (e)RH lrh. Results are for all 28models (colored lines). (f) The zonalmean surfacewarming normalized

by the model’s global average surface warming. In each panel, the colors correspond to different values of the

global effective feedback, ranging from low (dark blue) to high values (bright red). The multimodel average is

indicated by a solid black line. For (f), the colors correspond to different model values of global average surface

warming. Note that the x axis is scaled by the sine of latitude, the x-axis limits are6908, and the y-axis ranges are

the same in (a)–(e).
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differences between the observed and abrupt4xCO2 forc-

ing, natural variability, and time-varying inhomogeneities

in the global observing system (e.g., Thorne 2008; Thorne

and Vose 2010; Fu et al. 2011; Po-Chedley and Fu 2012;

Santer et al. 2014; Bandoro et al. 2014). This suggests that

broad, coherent patterns of atmospheric warming are as-

sociated with relatively simple metrics—area-averaged

surface warming—and that these features are apparent

across GCMs and over time in the observational record.

In Fig. 5, we show a similar analysis but for fractional

changes in atmospheric humidity. The most prominent

feature is that models with greater tropical surface

warming strongly humidify the tropical upper tropo-

sphere (Fig. 5b). This is due to the combined effect of

two factors: vertical amplification of warming with

height (e.g., Santer et al. 2005; Fig. 4b) and because the

Clausius–Clapeyron scaling is greater for temperature

changes in the cold upper troposphere (e.g., Rose and

Rencurrel 2016). The upper troposphere in the extra-

tropics also experiences significant increases in water

vapor content in models with enhanced tropical surface

warming. In the case of southern extratropical surface

warming (Fig. 5a) atmospheric humidification is rela-

tively weak and is largely isolated to the Southern

Hemisphere. In contrast, greater northern extratropical

surface warming corresponds to significant global hu-

midification in CMIP5 models, probably as a result of the

above-mentioned correlation between tropical andnorthern

extratropical surface warming.

Analysis using ERA-I broadly shows similar features

(Figs. 5d–f). As in the case of the temperature results in

Fig. 4, some differences exist between the analysis using

CMIP5 models and ERA-I, particularly in the vertical ex-

tent and significanceof upper-troposphericmoistening.This

is likely due in part to inhomogeneities in the reanalysis

record (e.g., Bengtsson et al. 2004). Upper-tropospheric

water vapor trends are quite uncertain, are sensitive to

changes in the global weather observing system, and can be

difficult to observe directly (e.g., Elliott and Gaffen 1991;

Bengtsson et al. 2004; Dessler and Davis 2010).

Because the vertical and meridional patterns of at-

mospheric warming and moistening are closely related

to the magnitude of surface warming in the tropics and

the extratropics, it may be possible to estimate the ex-

pected TOA radiative effect of lapse rate and water

vapor changes using area-average surface warming as a

predictor. Consider the following example. To a first

order, the tropical troposphere experiences moist adia-

batic warming and moistening as a function of surface

temperature change. Since the profile of temperature

FIG. 4. The slope of the regression between zonal mean atmospheric warming and (a) southern extratropical (308–908S), (b) tropical
(308S–308N), and (c) northern extratropical (308–908N) average surface warming across models. The thick lines at the surface represent

the region over which the predictor is averaged. The hatch marks denote a significant relationship at the 95% confidence level. The

regression is for annual average surface temperature in the (d) southern extratropics, (e) tropics, and (f) northern extratropics vs

annual- and zonal-mean atmospheric temperature in ERA-I (1979–2016). Note that the x axis is scaled by the sine of latitude, and

the x-axis limits are 6908.
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and water vapor changes determines the TOA radia-

tive change as calculated from radiative kernels, the

tropical radiative change resulting from lapse rate and

water vapor changes is a function of tropical surface

temperature change. We then write the tropical radi-

ative change as

DR
T
5 cDT

T
, (4)

where DRT is the tropical average radiative flux change

as a result of lapse rate and/or water vapor changes, c is a

scaling coefficient, and DTT is the tropical average sur-

face warming. We will use a tilde in place of overbars to

denote radiative flux changes that occur at constant

relative humidity (e.g., D ~R). Similarly, extratropical

upper-tropospheric warming and moistening is strongly

influenced by tropical surface warming DTT (Figs. 4 and

5b,e), and changes in the lower extratropical tropo-

sphere are related to the extratropical surface warming

DTET. We express the extratropical radiative flux as

DR
ET

5 aDT
ET

1 bDT
T
, (5)

where a and b are scaling coefficients and the subscript

ET can denote either the northern (denoted with sub-

script N) or southern (denoted with subscript S) extra-

tropics (308–908). These equations could be applied

toward radiative fluxes associated with either the re-

gional LR, WV, or the constant-RH LR feedbacks. The

scaling coefficients in Eqs. (4) and (5) are physically

related to the sensitivity of TOA radiative flux associ-

ated with the change in temperature and moisture (i.e.,

the radiative kernel; Fig. 2) and the patterns of warming

and moistening associated with tropical and extra-

tropical surface warming (Figs. 4 and 5). We will solve

for these coefficient values using linear regression.

Specifically, we solve for c in Eq. (4) by regressing DRT

against DTT across CMIP5 GCMs. In Eq. (5), we solve

for a and b using multiple linear regression.

These simple linear models can explain most of the

intermodel differences in the radiative fluxes arising

from lapse rate and water vapor changes. For example,

GCM tropical radiative fluxes resulting from lapse rate

and water vapor changes at constant relative humidity

are simply a function of tropical surface warming, with a

scaling coefficient of c520.52Wm22K21 [Fig. 6a, r25
0.84; Eq. (4)]. The GCM radiative fluxes averaged over

the northern (red) and southern (blue) extratropics also

scale closely with the fluxes expected from our simple

linear model [Fig. 6b, r2 5 0.95; Eq. (5)]. For both the

tropical and extratropical cases, a good fit is obtained

with the y intercept equal to zero, which suggests that

the effect of the fast tropospheric adjustments to forcing

(e.g., Gregory and Webb 2008; Andrews and Forster

2010) on lapse rate and water vapor changes is small.

In this analysis, we are particularly interested in the

radiative feedbacks, which are the average radiative flux

FIG. 5. As in Fig. 4, but for the fractional change in humidity (i.e., ›logq).
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per unit surface warming [Eq. (1)]. For the tropics, this

means that [from Eq. (4)]

l
T
5

DR
T

DT
T

5 c , (6)

which implies that the tropical LR and WV feedbacks

are approximately constant. Similarly, for the extra-

tropics [from Eq. (5)]

l
ET

5 a1 b
DT

T

DT
ET

, (7)

indicating that themodel variability for the extratropical

LR and WV feedbacks should scale with the ratio of

tropical and extratropical surface warming. This result is

consistent with past work that has shown that the

extratropical lapse rate is constrained by baroclinic ad-

justment (Stone 1978; Bony et al. 2006) and that changes

in the meridional temperature gradient correspond to

changes in dry static stability (Frierson 2006, 2008). We

demonstrate that this scaling holds for ~llr in Fig. 6c (r
25

0.97). In Fig. 6c, we also show the intermodel feedback

spread in the tropics (black vertical line) and the

northern (red) and southern (blue) extratropics. As

expected from Eq. (6), the tropical feedback is nearly

constant (~llr,T 5 20.52 and the standard deviation s is

0.05). Note that the regional feedback scalings shown for

Fig. 6 also work for the conventional lapse rate (see

Fig. A1 in the appendix) and water vapor feedback

(see Fig. A2 in the appendix). The success of these

scalings demonstrates that it is largely patterns of

warming that control the radiative response as a result of

lapse rate and water vapor changes, not differences in

individual models’ physical parameterizations. We have

highlighted ~llr because the intermodel spread in the local

LR and WV feedbacks is largest in the extratropics,

where changes in relative humidity are small (Fig. 3e).

Therefore, ~llr represents the bulk of the extratropical LR

and WV feedback variability among models.

While the global LR and WV feedbacks show strong

covariability across models (Fig. 1a), the local feedback

perspective can shed light on the physical connections

between these feedbacks. In the extratropics, the LR

feedback is closely tied to the ratio of tropical to extra-

tropical surface warming [Eq. (7); Fig. A1]. Since rela-

tive humidity changes are small in the extratropics

(Fig. 3e), the extratropical water vapor feedback is

largely controlled by the vertical profile of warming, and

thus should be closely coupled with the LR feedback.

As a result, the strength of both feedbacks is highly

correlated in the extratropics (308–908, Fig. 7a). In the

tropics, the LR and WV feedbacks are only weakly

correlated across models (Fig. 7a), even though the re-

gional LR and WV feedbacks are largest in the tropics

and both feedbacks, to a first order, stem from the moist

adiabatic warming (and moistening) response of the

tropical atmosphere. Vial et al. (2013) showed that the

sum of the tropical LR and WV feedbacks is closely

related to GCM changes in relative humidity. We find

that this relation is largely driven by the strong corre-

lation between the tropical WV and RH feedback

(Fig. 7b); the tropical LR feedback is uncorrelated with

the RH feedback (r 5 0.03). This implies that although

FIG. 6. (a) Radiative flux change resulting from LR and WV changes at constant RH; results for each model are averaged over the

tropics (308S–308N), and are plotted against the linear model of tropical radiative flux change given in Eq. (4) (the sign convention is such

that positive is downward, so negative anomalies imply an increase in outgoing radiation). (b) Model radiative flux change resulting from

LR and WV changes at constant RH averaged over the extratropics (308–908); results are given separately for the Northern (red) and

Southern (blue) Hemisphere, and are compared to a linear model of the extratropical radiative flux change [Eq. (5)]. The 1:1 line is shown

for reference in (a) and (b). The linear models use a5 0.71, b520.90, and c520.52Wm22 K21. (c) Model ~llr in the northern (red) and

southern (blue) extratropics vs the ratio of each model’s tropical and extratropical average warming. The domain is over 308–908N in the

Northern Hemisphere and 308–908S in the SouthernHemisphere. The vertical lines in this panel represent the range of the model tropical

(black), northern extratropical (red), and southern extratropical (blue) constant-RH LR feedbacks.
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the first-order response to tropical surface temperature

increase is moist adiabatic warming and moistening, the

intermodel differences in the water vapor feedback are

controlled by relative humidity changes. In turn, the

tropical RH changes have no physical link to themodel

lapse rate response, which is largely constant across

models [Eq. (6); Fig. A1]. The coupling between the

tropical LR and WV feedbacks across models is

therefore weak.

An obvious asymmetry exists for the spread in the

local LR and WV feedbacks in the northern and

southern extratropics (Figs. 3 and 6c). The standard

deviation of ~llr in the southern extratropics is roughly 3

times larger than that in the northern extratropics (sS 5
0.27 vs sN 5 0.08). From Eq. (5), we expect that extra-

tropical radiative fluxes as a result of lapse rate and

water vapor changes should partially scale with extra-

tropical surface warming. In Fig. 8a, we see that this

expectation holds; models with greater extratropical

surface warming have larger extratropical radiative

fluxes (positive down). There is, however, substantial

scatter around the linear fit because Fig. 8a ignores the

effects of surface warming in the tropics [Eq. (5)]. The y

intercept can be interpreted as the nonlocal effect on the

lapse rate changes; when extratropical surface warming

approaches zero, the radiative fluxes are negative as a

result of the remote influence of the tropics (Figs. 4b and

5b). Although here we emphasize a nonlocal influence

in the meridional direction, tropical feedbacks also

respond to east–west warming gradients. Enhanced

warming in the tropical warm pool increases atmo-

spheric stability in the eastern Pacific, which results

in a strong negative cloud and lapse rate feedback

(Flannaghan et al. 2014; Ferraro et al. 2015; Zhou

et al. 2016; Andrews and Webb 2018; Ceppi and

Gregory 2017).

This nonlocal effect is particularly important when

calculating feedbacks. The regional average feed-

back is simply the area-averaged radiative flux nor-

malized by the area-averaged surface warming (i.e.,
~llr 5D ~Rlr/DT), which we show as a function of extra-

tropical surface warming in Fig. 8b. An apparent non-

linearity in the extratropical constant-RHLR feedback

occurs with respect to extratropical surface warming.

When surface warming is small, the magnitude of the

feedback grows quite large [as DTET / 0 and
~llr,ET /2‘ from Eq. (7)]. This has an important effect

in the Southern Hemisphere, where the amplitude of

surface warming is relatively small compared to the

Northern Hemisphere (Fig. 3f). The curvature in

Fig. 8b results in a larger spread in the LR and WV

feedbacks in the southern extratropics relative to the

northern extratropics.

Another factor in the reduced feedback spread in the

northern extratropics is the large correlation between

tropical and northern extratropical surface warming

(r 5 0.72). This reduces the spread in the ratio

DTT /DTN , which is a key determinant of extratropical

LR and WV feedbacks (Figs. 6c, A1c, and A2c). The

physical interpretation of this result is that extratropical

upper-tropospheric warming and moistening is closely

tied to tropical surface warming, whereas extratropical

lower-tropospheric warming is related to extratropical

surface warming. Since tropical and northern extra-

tropical surface warming are correlated across models,

the relative upper- and lower-tropospheric warming and

moistening in the NH, and resulting NH-averaged

feedbacks, tend to exhibit reduced intermodel spread.

Smaller southern extratropical surface warming and a

FIG. 7. (a) The WV feedback vs the LR feedback in the tropics

(308S–308N; red) and the extratropics (308–908; black) for each

model. (b) The tropical WV feedback vs the tropical RH feedback

for each model.
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reduced correlation with tropical surface warming (as

compared to the Northern Hemisphere) both contrib-

ute to larger model spread for the Southern Hemi-

sphere WV and LR feedbacks. Experiments with

synthetic data containing the same statistical properties

as the CMIP5 model data show that reduced warming

in the Southern Hemisphere is the dominant factor

(more than twice as important as the relatively weak

correlation between tropical and southern extratropical

surface warming) in the asymmetry in the feedback

spread between the northern and southern extratropics

(not shown).

Although this analysis focuses on explaining inter-

model differences in feedback strength, we can also

apply this framework to investigate changes in model

feedbacks over time. In Fig. 8c, extratropical ~llr is

plotted against extratropical surface temperature

change over years 1–150 for each GCM. Results are

shown separately for the Southern Hemisphere (cool

colors) and the Northern Hemisphere (warm colors); all

changes are expressed relative to the contemporaneous

piControl simulation. From Fig. 8, we see that in the SH

there is an apparent nonlinearity in the evolution of

the feedback as a function of increasing warming. In

FIG. 8. (a) The extratropical (308–908) radiative response to LR andWV changes at constant RH vs extratropical

surface warming; results are for 28 different CMIP5models. The red dots are for the Northern Hemisphere and the

blue dots are for the SouthernHemisphere. (b) As in (a), except that the relationship is between the feedback ~llr,ET

and the surface warming response. (c) Annual average local ~llr over years 1–150 in individual GCMs vs the local

surface warming in the southern extratropics (varied cool colors for each individual model time series) and the

northern extratropics (varied warm colors). (d) Annual average local ~llr over years 1–150 in individual GCMs vs

the ratio of tropical (308S–308N) and extratropical (308–908) surface warming. The domains are 308–908N in the

Northern Hemisphere and 308–908S in the Southern Hemisphere. The solid vertical lines in (b) and (d) help il-

lustrate the range of the feedback values for the northern (red) and southern (blue) extratropics. The dashed line in

(a) is the linear fit to all data points. The dashed line in (b) is the dashed line from (a), divided by DTET. The dashed

line in (c) is the same as the line in (b), but extended over a greater range of extratropical surfacewarming values. In

(d) the range of the ratio of tropical and northern extratropical surface warming is represented by dashed, red

vertical lines.
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contrast, the NH has relatively little curvature. The NH

result occurs because across all models and all years, the

ratio of warming between the tropics and NH is rela-

tively constant, which ensures that the NH extratropical

feedback has little intermodel spread.

Although this time-varying behavior is not the focus

of our research, this analysis demonstrates that the same

physical mechanisms identified above across 28 CMIP5

models also apply in individual model simulations, and

that the evolution of ~llr contributes to changes in climate

sensitivity with warming (e.g., Rose et al. 2014; Andrews

et al. 2015; Rose and Rayborn 2016; Rugenstein et al.

2016). The curvature in Figs. 8b,c is simply a result of the

linear contributions from both the tropics and the ex-

tratropics to the feedback [Eqs. (5) and (7)]. If we in-

stead show (Fig. 8d) the feedback compared to the ratio

of tropical and extratropical warming (i.e., DTT /DTET as

in Fig. 6c), we see that the feedback is linearly pro-

portional to this ratio [as expected from Eq. (7)]. As we

noted earlier in Fig. 8c, the relatively constant scaling of

tropical and northern extratropical surface warming

ensures that the Northern Hemisphere lapse rate feed-

back is approximately constant across all models and all

years (as denoted by the red vertical line in Fig. 8d).

Reduced warming in the Southern Ocean and the

largely uncorrelated warming between the tropics and

the Southern Hemisphere makes the Southern Hemi-

sphere extratropical lapse rate feedback highly variable

(blue vertical line in Fig. 8d). A similar apparent non-

linearity also exists for the conventional LR and WV

feedbacks (not shown).

Another feature of these simple linear models of

local feedbacks is that we can also write an expression

for the global effective feedback. Using the fact that

DTglobe 5 1/2(DTT)1 1/2(DTET) with Eqs. (4) and (5),

we can show that the global feedback can be written as

l
eff

5 a1 k
DT

T

DT
global

, (8)

where k 5 (b 1 c 2 a)/2. This expression is consistent

with Soden and Held (2006), who showed that the ratio

of tropical and global surface warming is a strong pre-

dictor of the global effective LR and WV feedbacks

(Fig. 1b). This scaling also works well for ~llr,eff

(r 5 20.92; not shown).

4. From local to global

Recall from Eq. (3) that the global effective feedback

is the product of the pattern of local feedbacks l(r) and

the spatial pattern of surface warming DT(r)/DTglobal.

Both terms may contribute to the intermodel spread in

the lapse rate and water vapor feedback. We can esti-

mate the sensitivity of the global effective feedback to

both the patterns of surface warming and of local feed-

backs. To estimate the sensitivity of the global effective

feedback to intermodel differences in the local feed-

backs, we use the multimodel average warming pattern.

From Eq. (3):

l
effhwarming patterni 5 l(r)

*
DT(r)

DT
global

+
, (9)

where the angle brackets denote the multimodel aver-

age. Similarly, we can use the multimodel average pat-

tern of local feedbacks to estimate the sensitivity to

intermodel differences in the surface warming pattern:

l
effhfeedbackpatterni 5 hl(r)i DT(r)

DT
global

. (10)

Equations (9) and (10) can be used to help reveal the

key drivers of intermodel differences in the global ef-

fective lapse rate and water vapor feedbacks. If the

global effective feedback spread is largely a result of the

partitioning of tropical and extratropical warming acti-

vating relatively constant (across models) local feed-

backs, then Eq. (10) should provide a reasonable

approximation for model global effective feedbacks. On

the other hand, if local feedback differences across

models are important, then Eq. (9) may provide a more

reasonable approximation of model global effective

feedbacks. In the latter case, it is clear that local extra-

tropical feedbacks are influenced by the magnitude of

tropical warming (section 3); that is, ‘‘local’’ feedbacks

are not strictly local. In both Eqs. (9) and (10), the pat-

tern of warming is important, but by assessing these

approximations, we will better understand the limits of

the local feedback assumption.

Figure 9 shows the actual versus the approximated

value of ~llr for both assumptions. In computing the es-

timated global effective feedbacks from Eqs. (9) and

(10), we use the zonal average values of the local feed-

backs and surface warming pattern. Under the as-

sumption that the local feedback strength is invariant

across models [i.e., the meridional warming pattern ac-

tivates local feedbacks that are held constant across

models; see Eq. (10)], the estimated global effective

feedback is correlated with the actual global effective

feedback (Fig. 9a), but the range of the estimated

feedbacks is much smaller than the actual feedbacks.

When the global feedback is calculated under the as-

sumption that the meridional pattern of surface warm-

ing is invariant across models [Eq. (9)], the estimated

global feedback is much closer to the true values
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(Fig. 9b). These results show that differences in the

strengths of the local feedbacks are an important factor

in determining the magnitude of the global effective

feedback. Although Fig. 9b shows results for ~llr specif-

ically, we note that we find similar results for the con-

ventional LR and WV feedbacks.

Since the intermodel differences in the local feedback

strength are important in estimating the global feed-

back, the model spread in the global effective feedback

is not simply a result of model differences in polar am-

plification activating relatively constant local feedbacks,

as was assumed in Armour et al. (2013). This does not

imply, however, that the pattern of surface warming is

unimportant. From section 3, it is clear that the strength

of local feedbacks is a direct result of the meridional

pattern of surface warming. The meridional pattern of

surface warming modulates the global feedback both by

controlling the ratio of polar and tropical local feed-

backs and also by influencing the strength of subant-

arctic feedbacks.

The analysis thus far shows that model spread in local

LR and WV feedbacks is an important contributor to

intermodel variability in the global effective feedbacks.

Given that most of the spread in the local feedbacks is

concentrated in the subantarctic region, we should ex-

pect that this region is an important contributor to

global feedback differences across models. We also

know that the feedback in this region should be related

to the partitioning of warming between the tropics and

the extratropics [Eq. (7); Figs. 6c and 8d]. As a result, the

global effective LR andWV feedbacks should be related

to the equator-to-pole warming gradient in the Southern

Hemisphere. In Fig. 10, we show the relationship be-

tween global ~llr,eff and the ratio of tropical and extra-

tropical surface warming for the Southern (Fig. 10a) and

Northern Hemisphere (Fig. 10b). As expected, the re-

lationship is stronger for the Southern Hemisphere,

where intermodel variability in local feedbacks is much

larger. Results are similar for the conventional global

effective LR feedback. The conventional global effec-

tive WV feedback is also strongly related to the ratio of

surface warming between the tropics and southern ex-

tratropics, but the relationship is weaker (r 5 0.74) be-

cause some of the model spread in the water vapor

feedback is due to relative humidity changes in the

tropics (Figs. 3e and 7b). Although Arctic amplification

of warming has been the focus of considerable scientific

attention, our analysis points to the relative warming

between the tropics and the Southern Hemisphere ex-

tratropics as an important contributor to intermodel

differences in the LR and WV feedbacks.

The spread in local feedbacks is largest near 608S at

the margin between the Antarctic and subantarctic re-

gion (see Fig. 3) where changes in sea ice can interact

with and amplify lapse rate and water vapor changes

(Ramanathan 1977; Graversen et al. 2014; Feldl et al.

2017b). Furthermore, sea ice climatology may be im-

portant to simulated changes in the subantarctic region.

Feldl et al. (2017b) studied the response of an ensemble

of aquaplanet model simulations to a quadrupling of

atmospheric CO2. The albedo, LR, and WV feedbacks

were strongly influenced by intermodel differences in

the climatological albedo and sea ice extent values.

After equilibrating to quadrupled CO2 concentration,

each model ended in the same ice-free state. A simple

interpretation is that models withmore climatological sea

ice experience greater sea ice loss when subjected to a

large external forcing. Zunz et al. (2013) show a similar

result in simulations of historical climate change over

1979–2005 performed with CMIP5 atmosphere–ocean

FIG. 9. The ~llr,eff for each model vs the estimated feedback assuming that (a) local feedbacks are invariant [Eq.

(10)] and (b) the meridional pattern of surface warming is invariant [Eq. (9)]. Note that in calculating the estimated

feedbacks we used zonal mean local feedback fields and surface warming patterns (as in Fig. 3).
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GCMs, although the relationship between climatological

sea ice extent and the change in sea ice extent exhibited

substantial intermodel spread resulting from natural

variability, the short time period considered, and the

relatively modest forcing. Flato (2004) also found that

climatological sea ice extent is significantly related to

Antarctic surface temperature change in CMIP1 and

CMIP2 simulations with CO2 increases of 1%yr21. Like

these studies, we also find that in simulations with large

CO2 forcing, model differences in Antarctic sea ice loss

(Fig. 11a) and southern extratropical surface temperature

change (Fig. 11b) are closely related to differences in sea

ice climatology.

Recall that the global ~llr,eff is closely related to the

ratio of tropical and southern extratropical surface

warming (Fig. 10a). Since sea ice loss affects the mag-

nitude of warming over the Southern Hemisphere, we

expect that sea ice changes should be related to the

global LR andWV feedbacks. This influence can be seen

in Fig. 11c, which illustrates that there is a relationship

between Antarctic sea ice loss and global ~llr,eff across

models. Given that Antarctic sea ice loss is also tied to

the model’s initial sea ice extent, Antarctic sea ice cli-

matology also plays a role in modulating the magnitude

of ~llr,eff (Fig. 11d). Antarctic sea ice climatology also

has a significant (p , 0.05) relationship with the global

effective LR and WV feedbacks. This suggests that

spread in the global effective LR and WV feedbacks is

enhanced by intermodel differences in Antarctic sea ice

climatology.

5. Summary

This analysis focuses on understanding intermodel

differences in the LR andWV feedbacks. Past work has

suggested that intermodel differences in global feed-

backs can be better understood by introducing a

framework that considers both spatially dependent

local feedbacks and patterns of surface warming

(Armour et al. 2013; Feldl and Roe 2013). For example,

low-latitude warming produces vertical amplification

of warming and a negative local LR feedback, whereas

high-latitude warming is confined close to the surface,

resulting in a positive local LR feedback. In turn, in-

termodel differences in polar amplification influence

the relative contribution of these positive and negative

feedbacks to the global average LR feedback.We show

that although the balance of high- and low-latitude

feedbacks is important, differences in the strength of

local feedbacks across models, particularly in the SH,

are the dominant component in explaining the inter-

model spread in the global effective LR and WV

feedbacks. Model-to-model differences in the strength

of local feedbacks are closely related to model differ-

ences in the pattern of surface temperature change. In

turn, the strength of the local feedbacks, and thus

model global effective feedbacks, depends on the pat-

tern of surface warming.

The Held and Shell (2012) definition of the local LR

and WV feedbacks yields a useful geographic parti-

tioning of local feedbacks. Using this framework, we

show that model differences in relative humidity

changes are largely confined to the tropics (Vial et al.

2013). As a result, ~llr is an excellent proxy for the sum of

the LR and WV feedbacks in the extratropics, where

both LR and WV feedbacks tend to have the largest

intermodel spread.We therefore focused our analysis on

the constant-RH LR feedback. Further research is

necessary to understand the reasons for model differ-

ences in tropical relative humidity changes.

We shed light on model differences in local feedbacks

by developing a linear framework to examine the LR

FIG. 10. (a) The ~llr,eff vs the ratio of tropical (308N–308S) and
southern extratropical (308–908S) surface warming in each model.

(b) The ~llr,eff vs the ratio of tropical and northern extratropical

surface warming across GCMs.
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and WV feedbacks in the tropics and extratropics. We

show that the large-scale pattern of atmospheric

warming and moistening is primarily a function of av-

erage surface warming over the tropics (308S–308N) and

extratropics (308–908; see Butler et al. 2010; Screen et al.

2012; Po-Chedley 2016). In the tropics, where warming

follows a moist adiabat, the tropical average LR feed-

back is approximately constant. Differences in model

parameterizations for deep convection may help explain

the relatively limited intermodel differences in the

tropical LR feedback. The spread in the tropical WV

feedback is also small; deviations across models are re-

lated to tropical RH changes. Intermodel differences in

the tropical LR and WV feedbacks are not tied to a

common physical mechanism and do not strongly co-

vary. These results suggest that the well-documented

correlation between the global LR and WV feedbacks

across models does not arise from the covariation of the

local tropical LR andWV feedbacks. Instead, the global

LR and WV feedbacks are largely a function of the

pattern of surface warming, which is a common control

on both the extratropical LR and WV feedbacks.

Tropical surface warming induces an important non-

local effect: it leads to a strong warming and moistening

response in the tropical upper troposphere, which is then

mixed poleward into the extratropics (Butler et al. 2010;

Payne et al. 2015; Cronin and Jansen 2016; Rose and

Rencurrel 2016). As a result, extratropical LR and WV

feedbacks closely scale with the ratio between tropical

and extratropical surface warming. This implies that

tropical variability may dominate global climate feed-

back estimates derived from interannual variability

(e.g., Dessler 2013), which could lead to estimates of
~llr,eff that are too negative and not representative of

long-term, equilibrated feedbacks. LR and WV feed-

backs also contribute to changes in equilibrium climate

sensitivity (ECS) over time, since ~llr,eff becomes in-

creasingly positive as subantarctic warming slowly

FIG. 11. (a) Change in the annual average Antarctic sea ice area vs the climatological annual average Antarctic

sea ice area for each model. (b) Change in southern extratropical (308–908S) surface temperature vs the annual-

mean climatological Antarctic sea ice area for each GCM. (c) The ~llr,eff vs the change in the annual average

Antarctic sea ice area for each model. (d) The ~llr,eff vs the annual-mean Antarctic sea ice area climatology for

each GCM.
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emerges from the simulations considered here (e.g.,

Rose and Rayborn 2016). Because the extratropical LR

and WV feedbacks are both controlled by the parti-

tioning of tropical and extratropical surface warming,

the extratropical LR and WV feedbacks are strongly

correlated across models.

Model-to-model differences in the magnitude of local

LR and WV feedbacks are three times larger in the

Southern Hemisphere than in the Northern Hemi-

sphere. Although the LR and WV feedbacks in both

hemispheres are closely related to the ratio of tropical

and extratropical surface warming TT /TET, the models

consistently have amplified Northern Hemisphere sur-

face warming and muted Southern Hemisphere surface

warming relative to the tropics. The reduced southern

extratropical surface warming results in an extratropical

feedback that is particularly sensitive to the remote in-

fluence of the tropics. Further, surface warming in the

northern extratropics is closely related to surface

warming in the tropics across models (r 5 0.72), which

also reduces the spread in TT /TET.

We find that differences in local LR and WV feed-

backs drive intermodel variability in the global effective

feedbacks. Because model spread in the magnitude of

local feedbacks is largest over the Southern Hemi-

sphere, the local feedbacks over the Southern Hemi-

sphere contribute strongly to the spread of the global

effective LR and WV feedbacks. The relative warming

between the tropics and southern extratropics de-

termines the southern extratropical LR and WV feed-

backs, and is therefore also an important influence on

the global effective LR andWV feedbacks. Our analysis

highlights the importance of the Southern Hemisphere

in regulating the global LR and WV feedbacks in quasi-

equilibrium climate simulations. Although it has long

been known that the pattern of surface warming is im-

portant to understandingmodel differences in the global

LR and WV feedbacks, we have shown here that these

differences largely arise from differences in the magnitude

of local extratropical feedbacks, particularly over the

subantarctic region, which are controlled by the meridio-

nal pattern of surface warming.

Local feedbacks analyzed here do not solely respond

to local surface temperature change. This implies that

the traditional interpretation of local feedbacks, in

which local feedbacks are constant in time, is not valid

for the lapse rate and water vapor feedbacks. It is likely

that other feedbacks (e.g., the cloud feedback) also re-

spond to nonlocal processes (e.g., Mauritsen et al. 2013;

Rose andRayborn 2016; Zhou et al. 2016; Caldwell et al.

2016; Andrews and Webb 2018; Ceppi and Gregory

2017). While we show that local feedbacks are not time

and model invariant, the local feedback framework can

still be useful in interpreting global feedback differ-

ences across models, but with the understanding that a

‘‘local’’ feedback may not purely respond to local sur-

face temperature.

As has been noted in other studies, we also find that

intermodel differences in sea ice climatologies contrib-

ute to model differences in extratropical warming (e.g.,

Flato 2004; Feldl et al. 2017b). Since warming over the

southern extratropics is an important component of the

local and global LR and WV feedbacks, Antarctic sea

ice climatology is significantly related to the global ef-

fective LR and WV feedbacks. Model differences in the

representation of preindustrial Antarctic sea ice clima-

tology contribute to the model spread in the global LR

and WV feedbacks.

While several studies have used column or aquaplanet

models to demonstrate the importance of nonlocal ef-

fects on lapse rate and water vapor changes (e.g., Payne

et al. 2015; Cronin and Jansen 2016; Rose and Rencurrel

2016), our study shows that these nonlocal effects are

also important in CMIP5 coupled atmosphere–ocean

models. The nonlocal effect of tropical warming on the

extratropical LR and WV feedbacks is greatest over the

Southern Ocean, where upwelling mutes Southern

Oceanwarming (Armour et al. 2016) and leads to a clear

FIG. A1. As in Fig. 6, but for the LR feedback. Here, a 5 1.22, b 5 21.71, and c 5 21.40Wm22 K21.
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decoupling between surface warming and lapse rate and

humidity changes (O’Gorman and Muller 2010; Rose

and Rencurrel 2016). Although we have highlighted the

LR and WV feedbacks over the Southern Ocean, zonal

asymmetry in warming over the tropical Pacific Ocean is

also likely to be enhancing the tropical LR and WV

feedbacks over the observational record (Flannaghan

et al. 2014; Ferraro et al. 2015; Zhou et al. 2016; Po-

Chedley 2016). While it is clear that locally defined

feedbacks can be influenced by nonlocal processes, we

have shown that the local feedback framework is useful

in understanding intermodel differences in global ef-

fective feedbacks.
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APPENDIX

Analysis with Constant Relative Humidity Lapse
Rate Feedback

Given the strong relationship between the lapse rate

and water vapor feedbacks, our analysis largely focused

on the constant-RH LR feedback. This feedback ac-

counts for the radiative effects of lapse rate and water

vapor changes at constant relative humidity (Fig. 2c).

We note, however, that the scalings developed in Eqs.

(4)–(8) also hold for the conventional lapse rate

(Fig. A1) and water vapor (Fig. A2) feedbacks. While

we have approximated the tropical feedbacks as con-

stant, the tropical water vapor feedback does have some

enhanced intermodel spread, which can be related to the

relative humidity feedback. We demonstrate this in

Fig. A2c.
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