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Abstract

Climate feedbacks have been usually estimated using changes in radiative effects associated with increased
global-mean surface temperature.  Feedback uncertainties,  however,  are not only functions of  global-mean
surface  temperature  increase.  In  projections  by  global  climate  models,  it  has  been demonstrated that  the
geographical variation of sea surface temperature change brings significant uncertainties into atmospheric
circulation and precipitation responses at  regional scales.  Here we show that the spatial  pattern of  surface
warming  is  a  major  contributor  to  uncertainty  in  the  combined  water  vapour-lapse  rate  feedback.  This  is
demonstrated by computing the global-mean radiative effects of changes in air temperature and relative humidity
simulated by 31 climate models  using a methodology based on radiative kernels.  Our results  highlight  the
important contribution of regional climate change to the uncertainty in climate feedbacks, and identify the
regions of the world where constraining surface warming patterns would be most effective for higher skill of
climate projections.
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1  Introduction
Significant changes in climate are expected in response to an-

thropogenic global warming. Determining the magnitude of
these changes is complicated by the presence of climate feed-
backs that can amplify (positive feedback) or diminish (negative
feedback) warming effects. For example, higher air temperature
due to increased greenhouse gases by human activity is associ-
ated with more atmospheric water vapour. Since this is also a
greenhouse gas, its increase provides a positive radiative feed-
back (Cess, 2005), which can about triple the sensitivity of sur-
face temperature to greenhouse gas forcing according to projec-
tions with climate models (Held and Soden, 2000). Moreover, in
the projections, tropical tropospheric warming increases with
height from the surface as the lapse rates decrease (Ma et al.,
2012). This further strengthens the water vapour feedback, but
the enhanced longwave emission at higher temperatures in the
upper troposphere introduces a negative lapse rate feedback
(Bony et al., 2006).

Since temperature and water vapor changes are tightly
coupled in models, water vapor and lapse rate feedbacks may
both be interpreted as consquences of tropospheric warming,
i.e., the higher tropospheric warming (more negative lapse rate
feedback), the larger tropospheric moistening (more positive wa-

ter vapor feedback). Thus, these two feedbacks are negatively
correlated among models, aka partially offset each other, and
have been often combined in previous studies (Bony et al., 2006;
Soden and Held, 2006; Soden et al., 2008). This combined feed-
back, however, is subject to significant spread among the models,
which reduces the reliability of climate projections in a way that
is poorly understood (Held and Shell, 2012).

[X]

The present paper focuses on quantitatively attributing the
uncertainty of the water vapour plus lapse rate feedback. Here,
uncertainty of a feedback is defined as the ratio between the inter
model spread in estimates and the corresponding ensemble av-
erage. Atmospheric changes in specific humidity (q) involve
changes in air temperature (T) and relative humidity (RH) (Col-
man, 2004; Held and Soden, 2006). If  denotes the global-mean
radiative effect at the top of atmosphere due to changes in X, then
the following symbolic relationship holds for the combined ef-
fect of water vapour and lapse rate (LR) changes,

[q] + [LR] = [RH] + {[T] + [LR]} , (1)

where  LR can be defined as the departure of T from surface tem-
perature (Ts). We can estimate the right-hand-side of Eq. (1) us-
ing total-sky radiative kernels(Soden and Held 2006; Soden et al.,  
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2008; Held and Shell, 2012). In here we apply those based on the
Geophysical Fluid Dynamics Laboratory (GFDL) AM2p12b model
(The GFDL Global Atmospheric Model Development Team,
2004). These kernels provide the spatial weights for the global av-
eraging of changes in X [Eq. (5) in Section 2.2 is the precise ex-
pression of Eq. (1)].

{[T] + [LR]}

[RH]

The radiative effect of changes in T, which plays a major role
in the water vapour feedback (Soden et al., 2008), can be estim-
ated with the water vapour kernel (Fig. 1a). The combined term

 can be obtained with the water vapour and air tem-
perature kernels (Fig. 1b). The terms in the bracket, however,
tend to have the same order of magnitude and opposite signs
(Soden et al., 2008). This leads to partial cancellation (Fig. 1c)
(Soden and Held, 2006), which results in a significantly en-
hanced role of RH in Eq. (1) (Held and Shell, 2012). We will show
that  results primarily from changes at regional scales, of
which the global-mean is computed by using the weights
provided by the water vapour kernel taking longwave and short-
wave radiation into account. This regional RH response is further
traced to spatial patterns of sea surface temperature (SST)
change, which govern regional convective adjustments (Xie et al.,
2010; Ma and Xie, 2013) and produce significant uncertainty in
rainfall projections.

In the following we evaluate the terms in Eq. (1) using the
output from Representative Concentration Pathway 4.5 (RCP 4.5)
simulations by 31 models participating in the Coupled Model In-
tercomparison Project phase 5 (CMIP5) (Taylor et al., 2012). Re-

quired by feedback assessment (Soden and Held, 2006; Soden et
al., 2008; Held and Shell, 2012), all changes (defined as the differ-
ence between the simulated 10-year averages for 2006–2015 and
2089–98) are normalized by the global-mean surface warming.
One important feature of our approach is the emphasis on the
inter-model differences among the radiative effects due to the
geographical distributions of simulated changes.

2  Data and methods

2.1  Data
RCP 4.5 simulations produced by 31 CMIP5 models (Taylor et

al., 2012) are used in this study. The models provide various
lengths of simulations with the future radiative forcing stabilized
at 4.5 W/m2 in 2100. We analyze one realization (“r1i1p1”) from
each model during the period 2006–2098, and changes are calcu-
lated as the difference between the 10-year averages for
2006–2015 and 2089–2098. The models include ACCESS1.0, AC-
CESS1.3, BCC-CSM1.1, BCC-CSM1.1-M, BNU-ESM, CanESM2,
CCSM4, CESM1-BGC, CESM1-CAM5, CMCC-CM, CMCC-CMS,
CNRM-CM5, CSIRO-Mk3.6.0, FIO-ESM, GFDL-CM3, GFDL-
ESM2G, HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, INM-
CM4, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR,
MIROC5, MIROC-ESM, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-
ESM-MR, MRI-CGCM3, NorESM1-M, NorESM1-ME. Because cli-
mate feedbacks are expressed as responses of the top-of-atmo-
sphere radiative flux to changes driven by 1°C global-mean sur-
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Fig. 1.   Annual mean vertically (100–1 000 hPa, left) and zonally (right) averaged total-sky radiative kernels [W/(m2·°C·100 hPa)]. They
are computed with the GFDL AM2p12b model.
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face warming, all changes are normalized by the global-mean
surface warming before the computations of ensemble means,
spreads, kernels, SVD, and regressions.

2.2  Methods

2.2.1  Decomposition of water vapour change

q = RH · qs δ

If q is specific humidity meaning the mass of water vapour per
unit mass, and qs is saturation specific humidity, then RH is
defined as the percentage of water vapour compared to the one
at saturation, i.e., . If  denotes change,

ln q = lnRH+ ln qs ⇒
δq
q

=
δRH
RH

+
δqs

qs
. (2)

δqs

qs
=

δes
es

= αδT

The Clausius-Clapeyron relation (Held and Soden, 2006),

, can be inserted into Eq. (2) to obtain:

δq
q

=
δRH
RH

+ αδT. (3)

α =
L

RvT L =

{
.×  J/kg, for liquid
2.83×  J/kg, for ice

Rv = . J/(K · kg)

where , where  repres-

ents the latent heat of water, and  is the gas
constant of water vapour.

2.2.2  The radiative kernels
Radiative kernels (Soden and Held, 2006; Soden et al., 2008;

Held and Shell, 2012) provide a simple and accurate methodo-
logy to convert the responses of specific climate factors to their
corresponding radiative effects and to quantify climate feed-
backs across various models in a consistent way. The kernels use
incremental changes in the feedback variables to describe the
differential responses of the top-of-atmosphere radiative flux.
Such conversions act as spatial weights for changes in climate
variables before global averaging. Here we use the total-sky radi-
ative kernels based on the GFDL AM2p12b model (The GFDL
Global Atmospheric Model Development Team, 2004), and the
water vapour kernel includes both longwave and shortwave radi-
ation.

Kx [X]

To calculate a specific feedback, one needs to: (1) normalize
the change of the climate variable with global-mean surface
warming; (2) convert the normalized value into unit of temperat-
ure; (3) multiply it by the radiative kernel; (4) perform vertical in-
tegration and horizontal averaging across the globe. We note the
entire procedure as  in the following. For example, the wa-
ter vapour feedback can be examined with the above-mentioned
decomposition,

Kw =

[
δq
αq

=
δRH
αRH

+ δT
]
⇒ Kw

[
δq
αq

]
= Kw

[
δRH
αRH

]
+ Kw[δT].

(4)

As shown in Fig. 1a, the generally positive water vapour ker-
nel has highest sensitivity for tropical convective regions in the
upper troposphere, since clouds mask the low-level moistening.

2.2.3  Offset of water vapour feedback by lapse rate feedback
T− Ts

KT [δT− δTs] = KT [δT]− KT [δTs]
The lapse rate is defined as ( ), so its feedback has the

form, . The air temperature ker-
nel is negative (Fig. 1b), with maxima at the space-exposing

cloud tops of tropical deep convection-detrained cirrus and on
the cloud-topped boundary layer. The kernel-weighted global
mean of surface warming has a rather weak influence on the
inter-model variation, only canceling 8% of the direct T effect.

Combined with the above water vapour feedback, one can
obtain the expression of the water vapour plus lapse rate feed-
back.

Kw

[
δq
αq

]
+KT [δT− δTs] = Kw

[
δRH
αRH

]
+(Kw + KT) [δT]−KT [δTs] ,

(5)

Kw KTwhich is the precise form of Eq. (1). Since  is positive but  is
negative, and the latter is stronger than the former, their sum is
weakly negative (Fig. 1c). Indeed, the inter-model spread of the
lapse rate feedback [0.27 W/(m2·°C)] is 1.5 times that of the T ef-
fect in water vapour feedback [0.18 W/(m2·°C)], with a very strong
negative correlation (–0.996). This results in significant offset
when combined [0.09 W/(m2·°C)], amplifying the relative import-
ance of the RH effect. Yet the ensemble mean of the combined
feedback is still positive because of the aforementioned reduc-
tion of the lapse rate feedback by surface warming.

2.2.4  Inter-model statistical analysis
These analyses are based on dynamic interpretations in liter-

ature (Xie et al., 2010; Ma and Xie, 2013; Kosaka and Xie, 2013;
Ding et al., 2014; Perlwitz et al., 2015; Wang et al., 2017) to locate
the origin of uncertainty, specifically by replacing conventional
time series with the model series. Inter-model correlation and re-
gression are performed for T change (3-D) on tropical-mean sur-
face warming. For the attribution of uncertainties in climate feed-
backs, the variances explained by different factors are estimated
as squares of the inter-model correlations with the total effect.

SVD returns the covariant modes of two variables. We per-
formed an inter-model SVD for percentage change of RH (3-D)
on SST pattern change (2-D) in the tropics (40°S–40°N). We then
used the three-dimensional patterns of the RH modes to calcu-
late partial feedback parameters and made linear combination of
these parameters with the corresponding principle components
to reconstruct the RH effect for each model as

Kw

[
δRH
αRH

]
:

m∑
i=

λiKw

[
Si
α

]
, (6)

λi Si
δRH
RH

m

where  and  are the principle component and spatial modes

of , and  denotes the total number of the leading modes.

After reordering the modes according to the variances they ex-
plain individually, the cumulative variance of the reconstruction
was calculated based upon the correlations between the cumu-
lative combinations of leading modes and the RH effect.

3  Effects of different factors on uncertainty in the water vapor
plus lapse rate feedback

We start with the global-mean values. The annual- and en-
semble-mean water vapour plus lapse rate feedback is 1.1 W/(m2·°C),
with contribution from the T changes amounting to 1.2 W/(m2·°C).
The global-mean changes in RH have very small magnitudes
(0.02%±0.28%), and the ensemble-mean of their radiative effect is
weak [–0.1 W/(m2·°C)]. However, the inter-model spreads in the
effects of RH and T changes are comparable [0.03 W/(m2·°C) and
0.09 W/(m2·°C), respectively], so the uncertainty in the former
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(30%) is 4 times that in the latter (7.5%). If calculated directly as
squares of the inter-model correlations, the variances explained
by the effects of RH and T changes are 61% and 81%, respectively,
while their covariance is 21% so their actual contributions are
40% and 60%, respectively (Fig. 2a). In total, the combined effect
of RH and T changes accounts for 99% of the uncertainty in the
water vapour plus lapse rate feedback. In the following we con-
centrate on annual-mean values because monthly-mean data
provide similar results (Fig. 3a).

3.1  Air temperature
Figures 1 and 4 show that the water vapor and lapse rate feed-

backs both are important over the tropics where water cycle is
strongest, which not only holds maximum water vapor but also

generate deep convective clouds emitting strong longwave radi-
ation. In magnitude, the lapse rate feedback dominates over the
water vapor feedback. However, low clouds in the extratropics
make big difference between the two feedbacks, because they
prohibit the moistening of upper troposphere but enhance the
longwave emission. These regional features are important for the
T effect, which uses the difference between absolute values of the
two kernels as its spatial weight.

Figure 2b shows that the uncertainty in the feedback induced
by T changes can be expressed (74%) as a function of the change
in Ts averaged in an extended tropical domain (40°S–40°N). In
the tropics, T changes have weak spatial variations (Ma et al.,
2012) and are closely coupled to area-average increase of Ts be-
cause fast atmospheric wave actions smooth out the footprints of
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Fig. 2.   a. Inter-model scatterplot of the decomposition of the water vapour plus lapse rate feedback (W/(m2·°C)). The variances
explained by various factors are calculated from squares of the inter-model correlations and marked with slopes of the regressions in
colours corresponding to the factors. b. Scatterplot between the temperature plus lapse rate effect and tropical-mean (40°S–40°N) Ts

change (°C). Here we use the annual-mean results of the radiative kernels, and 31 CMIP5 simulations along RCP4.5 normalized by the
global-mean surface warming.
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Fig. 3.   a. Inter-model scatterplot of the decomposition of water vapor plus lapse rate feedback (W/(m2·°C)). Same as in Fig. 2a, but
based on the monthly-mean radiative kernels and CMIP5 output. The variances explained by various factors are calculated from
squares of the inter-model correlations and marked with slopes of the regressions. b. The cumulative variance of the inter-model SVD
reconstruction in Fig. 7a. The squares of correlations between the RH effect and cumulative combinations of the leading modes are
calculated after the modes are reordered with the variances they explain individually.
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uneven surface warming (Xie et al., 2010). In the extratropics
poleward of 40° latitude, coupling with the surface is weak
(Soden and Held, 2006) due to the dominance of synoptic eddies.
However, the three-dimensional (3-D) structure of changes in at-
mospheric temperature needs to be examined for a better under-
standing of this vertical decoupling.

Let us consider in more spatial detail the inter-model associ-
ations between changes in T and tropically averaged Ts. Figure 4c
is a latitude-longitude plot of the vertical mean of corresponding
regressions. Normalization by the global-mean surface warming
makes the globally averaged value of Ts changes equal 1 in all
models, so that a seesaw pattern between tropics and extratrop-
ics is evident in the inter-model variations of these changes. Re-
gions where the tropical influence is weaker extend eastward
from Greenland to the northern Eurasian continent, particularly
over the North Atlantic-Arctic adjacent seas. These geographical
differences are associated with large inter-model standard devi-
ation of Ts change (grids in Fig. 4c), which are affected by biases
in the simulation of ocean heat transport (Jackson et al., 2016;
Mahlstein and Knutti, 2011) and polar amplification of the global
warming (Feldl and Roe, 2013). This argument is supported by
the high global spatial correlation of –0.71 shown in Fig. 4c.

While a seasaw pattern is reasonable, it does not garantee the
control of global temperature by trpical Ts. Indeed, the figure
captures atmospheric teleconnections between tropics and high
latitudes, including the Pacific-North American pattern with pro-

nounced positive response in northwestern North America (Ko-
saka and Xie, 2013; Ding et al., 2014; Perlwitz et al., 2015; Wang et
al., 2017). Changes in the storm tracks over the Southern Ocean
are also visible. In addition, Figures 4a and b reveal that the path-
way of the teleconnection is through upper troposphere with lat-
itude-height plots of the zonal mean of the correlations/regres-
sions of changes in T on tropically averaged Ts. A poleward ex-
port of latent energy from the tropics (Feldl and Roe, 2013), pos-
sibly by stationary/transient eddies (Kosaka and Xie, 2013), is ap-
parent in the extra-tropical upper troposphere, especially in the
Southern Hemisphere.

Such a tropics-originated energy export reduces the local
coupling between surface and atmosphere in the extratropics,
and helps to anchor the global-mean T change to the tropically
averaged Ts with the inter-model variance explained by 81%. This
value is slightly higher than that for the aforementioned kernel-
weighted mean because higher weights (Fig. 1c) are applied by
the temperature kernel to the top of low clouds. Thus, regional
climate change, which determines the difference in surface
warming between the tropics and extratropics, is a major source
of uncertainty in the T-induced water vapour plus lapse rate
feedback.

3.2  Relative humidity
Turning now to RH, the vertically averaged values of its per-

centage change show variations of up to 5% (Fig. 5a) and large-
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Fig. 4.     Inter-model associations between annual-mean atmospheric temperature change (3-D) and tropical-mean (40°S–40°N)
surface warming among the 31 CMIP 5 simulations along RCP 4.5, normalized by the global-mean surface warming. The zonal (a, b)
and vertical (c) averages are performed after calculating the correlations (a)/regressions (b, c). Water vapour and temperature kernels
(black) are overlaid in a and b, respectively. Areas with large inter-model standard deviations of surface warming (>1.5°C) are marked
with grids in c.
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scale spatial patterns (Wright et al., 2010; Sherwood et al., 2010a).
The global spatial correlation between these percentage changes
and those of local water vapour change (δq/q) in Eq. (3) (see Sec-
tion 2.2) is 0.61 (0.58 for zonal mean). Recent observational data
suggest that changes of such magnitude can exert considerable
effects on the water vapour feedback (Solomon et al., 2010) while
directly affecting many important aspects of climate such as
cloud formation and precipitation efficiency (Sherwood et al.,
2010b). There is a significant RH reduction in the tropical upper
troposphere (Fig. 6a) due to tropopause rise (Sherwood et al.,
2010b), and possibly a weakening of the tropical circulation (Ma
et al., 2012). The drying is weaker in the subtropics in association
with a tropical expansion during global warming(Sherwood et al.,
2010b). Since the water vapour kernel applies strongest weights
in the tropical upper troposphere, the overall RH effect is negat-
ive [–0.1 W/(m2·°C) in the ensemble mean] so that analyses as-
suming a fixed RH would likely overestimate the water vapour
feedback (Minschwaner and Dessler, 2004).

The changes in RH have larger magnitudes in the tropics (Fig. 5a
and Fig. 6a). The pattern of these changes over the oceans has a
“warmer-get-wetter” signature (Xie et al., 2010) (Fig. 5a). This
means a dynamic redistribution of convection in association with
deviations in the SST changes from their tropical-mean (40°S–
40°N) values. In particular, the SST warming peak in the equat-
orial Pacific is collocated with enhanced RH, with the maximum
at 500 hPa (Figs 6a, b). The relative cooling center in the south-
eastern subtropical Pacific is collocated with reduced RH. The

south-to-north gradient in the SST warming generates an inter-
hemispheric asymmetry in the tropical upper-tropospheric and
subtropical RH reduction (Figs 6a, b). In the tropics, the horizont-
al correlation between RH and the SST patterns is 0.45, and the
zonal-mean correlation is 0.69.

The inter-model spread in RH changes can be higher than
three times the ensemble mean in vast tropical regions (Fig. 5a
and Fig. 6a). The regional SST warming is also quite diverse
among the models (Ma and Xie, 2013). It is therefore useful to as-
sess the extent to which the pattern of RH changes covaries with
that of SST changes. For this, we perform an inter-model singu-
lar value decomposition (SVD) between the values of SST and
percentage RH change in the region 40°S–40°N. The first leading
mode features a meridionally symmetric pattern in general, and
its weighted global means by the water vapour kernel explain
19% of the variance in the RH-induced feedback. The enhanced
equatorial SST warming (Fig. 5b) leads to an RH increase peak-
ing at 500 hPa (Figs 6c, d), and a subtropical cooling is collocated
with drying. The second mode contributes 14% variance, with an
inter-hemispheric asymmetry that warms the surface ocean in
the northern subtropics resulting in local increases of moisture
(Fig. 5c) throughout the tropospheric column (Figs 6e, f).

The SST warming pattern-involved ocean-atmosphere inter-
actions have been highlight important in water cycle changes un-
der greenhouse warming (Long et al., 2016), as suggested by the-
oretical diagnostics and numerical experiments (Xie et al., 2010).
The above two leading modes represent the major meridional
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interval: 0.1°C; red positive, blue negative; 0 omitted) in ensemble mean (a) and leading modes of the inter-model SVD (b, c) between
them (3-D). The SVD is performed in the tropics (40°S–40°N) and SST pattern change is defined as deviations from the tropical-mean
SST increase. Gridded areas in a mark where inter-model spread of RH exceeds 3 times the ensemble mean. Here we use the annual-
mean results of the 31 CMIP 5 simulations along RCP 4.5, normalized by the global-mean surface warming.
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symmetric and asymmetric characteristics of SST pattern change.
The first mode implies an enhanced Hadley circulation on either
side of the equator, driven by the equatorial peak of SST warm-
ing. The second features positive (negative) anomalous SST in
the Northern (Southern) Hemisphere, which causes a cross-
equatorial circulation that represents an enhanced (weakened)
Hadley cell south (north) of the equator. The inter-model vari-
ance in the effect of RH changes associated with these two SST
modes is 34%, which is consistent with that for regional precipita-
tion change (Ma and Xie, 2013).

The cumulative variance explained by increasing the number
of leading modes reaches a plateau with about 14 modes (Fig. 3b),
while the total variance explained by the first 20 modes is 79%
(Fig. 7a). It is noteworthy that the first several modes matter

most, and combining 20 modes changes little from 14 modes.
The reconstructed RH effect has a slightly stronger spread (inter-
model slope of 1.29) because it excludes the moderate values in
the extratropics (Fig. 5a and Fig. 6a). Our analysis with the SVD
suggests that regional climate change, again, dominates the un-
certainty in the RH-induced water vapour plus lapse rate feed-
back.

The aforementioned 21% covariance between the effects of
RH and T changes deserves future investigation. For example,
Figure 5a shows that RH over tropical land decreases substan-
tially due to amplified air warming, because less water is present
for evaporative cooling than over the tropical oceans (Sherwood
et al., 2010a, 2010b). This arises because on long time-scales, al-
most all moisture over land is advected from the oceans, which is
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Fig. 6.   Zonally averaged ensemble mean (a, b) and leading modes of the inter-model SVD (3-D)(c–f) between the percentage RH
change (%) and SST warming patterns (°C). The SVD is performed in the tropics (40°S–40°N) and SST pattern change is defined as
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annual-mean results of the 31 CMIP 5 simulations along RCP 4.5, normalized by the global-mean surface warming.
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relatively less warmed and unable to support the increased mois-
ture-holding capacity of air over land. Such influence of T change
may be an important contributor to the 21% uncertainty in the
RH effect that remains unexplained by the SST patterns.

4  Summary
We have presented a quantitative attribution of the uncer-

tainty in combined water vapour-lapse rate feedback associated
with global warming. Our methodology links the radiative effects
in the combined feedback to changes in the geographical pat-
terns of surface temperature. This approach has the distinct ad-
vantage over the traditional one, which is based on global-mean
surface temperature and is insufficient for understanding uncer-
tainties. According to our results, the RH changes at regional
scales and T increases in the global mean contribute 40% and
60% to the inter-model variance in the water vapour plus lapse
rate feedback, respectively. Although the underlying mechan-
isms for RH change are not fully known at present (Held and
Shell, 2012), our findings suggest that its associated uncertainty is
highly coupled to that in the tropical SST patterns through con-
vective adjustments (Xie et al., 2010; Ma and Xie, 2013). The trop-
ical-mean surface warming dominates the T-induced feedback,
which is negatively tied to the highly uncertain surface warming
in the extratropical regions between Greenland and the northern
Eurasian continent.

In total, the effects of surface warming patterns on the 3-D at-
mospheric responses control 79% inter-model variance of the
water vapour plus lapse rate feedback (Fig. 7b). This indicates
that model dependence of regional climate change (Xie et al.,
2015) can play a key role in the uncertainty of global radiative
feedback. In particular, cloud changes may be closely coupled to
the SST patterns in a way similar to RH, resulting in the most
complex and uncertain radiative feedback. Such uncertainties
could be considerably reduced if spatial variations in surface
warming among models were constrained with observations.
Some attempts in this direction have been conducted for the
tropical oceans (Ma and Yu, 2014; Li et al., 2016; Huang and Ying,
2015), but the North Atlantic-Arctic warming is less well under-
stood at the present time. These findings show the potential to
open up a new research horizon and improve the accuracy of
projected future global warming.
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