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Abstract One of the robust features in the future projec-

tions made by the state-of-the-art climate models is that the

highest warming rate occurs in the upper-troposphere

especially in the tropics. It has been suggested that more

warming in the upper-troposphere than the lower-tropo-

sphere should exert a dampening effect on the sea surface

warming associated with the negative lapse rate feedback.

This study, however, demonstrates that the tropical upper-

tropospheric warming (UTW) tends to trap more moisture

in the lower troposphere and weaken the surface wind

speed, both contributing to reduce the upward surface latent

heat flux so as to trigger the initial sea surface warming. We

refer to this as a ‘top-down’ warming mechanism. The rise

of tropospheric moisture together with the positive water

vapor feedback enhance the downward longwave radiation

to the surface and facilitate strengthening the initial sea

surface warming. Meanwhile, the rise of sea surface tem-

perature (SST) can feed back to intensify the initial UTW

through the moist adiabatic adjustment, completing a

positive UTW–SST warming feedback. The proposed ‘top-

down’ warming mechanism and the associated positive

UTW–SST warming feedback together affect the surface

global warming rate and also have important implications

for understanding the past and future changes of precipita-

tion, clouds and atmospheric circulations.

1 Introduction

The global mean temperature has been experiencing a con-

spicuous warming since the last century especially during the

period after 1950s. The observed warmer climate has caused

more frequent occurrences of severe weather and extreme

climate worldwide (e.g., Easterling et al. 2000). As is well

known, the observed surface temperature is tightly linked to

some external forcing. In particular, the steadily increase of

carbon dioxide (CO2) and other greenhouse gases (GHGs) is

largely responsible for the observed surface warming (Meehl

et al. 2007). In addition, the increased solar irradiance was

also suggested to strengthen the surface warming rate on a

longer time scale since the Little Ice Age (Liu et al. 2013), but

its relative contribution to the recent observational warming

rate remains unclear.

Besides the direct forcing effect associated with GHGs

and solar forcing, various climate-feedbacks have been

shown to play a pivotal role in determining the surface

warming rate by amplifying or reducing the radiative

forcing effect (Bony et al. 2006; Mitchell 1983; Soden and

Held 2006). An important feedback is the lapse rate feed-

back, which is thought to exert a dampening effect on the
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surface warming because more warming in the upper-tro-

posphere tends to radiate more energy to space compared

to a uniform temperature change (Bony et al. 2006; Soden

and Held 2006). Although there are large disagreements

and uncertainties for different observations in terms of the

lower- and upper-tropospheric temperature change rate (Fu

et al. 2011; Santer et al. 2008), the highest warming

occurring in the tropical upper-troposphere is a very robust

feature with respect to the future climate projections from

the state-of-the-art climate models that participated in the

Coupled Model Intercomparison Project (CMIP) phase 3

(CMIP3) (Solomon 2007) and phase 5 (CMIP5) (Taylor

et al. 2011) (Fig. 1a).

Then, what is responsible for the upper-tropospheric

warming (UTW)? The atmospheric response to external

forcing (e.g., GHGs or solar forcing) can be roughly sep-

arated into a rapid response and a slow response (Bala et al.

2010; Gregory and Forster 2008). The UTW is related to

both of these two processes. The slow response depends on

changes in sea surface temperature (SST) and the fast

process typically refers to the atmospheric adjustment

before the ocean responds to the atmospheric warming.

There is a broad consensus that the UTW is largely

determined by the slow process following the boundary

SST changes confirmed by the strong correlation between

the UTW and SST changes from the multi-model ensemble

of CMIP3 (Johnson and Xie 2010) and CMIP5 models

(Fig. 2). The SST-induced UTW is caused by an intensified

convection and the moist adiabatic adjustment (Knutson

and Manabe 1995; Manabe et al. 1965), which can result in

the vertical differential warming rate especially over the

tropical regions (Johnson and Xie 2010; Knutson and

Manabe 1995; Richter and Xie 2008). The fast atmospheric

response to external forcing can also lead to a rapid UTW.

Based on model results, Cao et al. (2012) illustrated that

the increase of solar forcing can induce more warming in

the upper-troposphere than the lower-troposphere within 1

month. In this study, we demonstrate that the fast atmo-

spheric response to an instantaneous increase of the CO2

concentration also results in a maximum warming rate in

the tropical upper-troposphere.

The central goal of this study is to address the possible

impact of the fast UTW related to GHGs or solar forcing on

the SST warming rate. Previous studies suggested that the

UTW can influence the atmospheric circulation, hydro-

logical cycle and may further exert an indirect role in

altering the SST. For example, the UTW was suggested to

weaken the atmospheric circulation (Ma et al. 2011), widen

the Hadley circulation (Frierson et al. 2007; Lu et al. 2007;

Wang et al. 2012) and shift the mid-latitude storm tracks

poleward (Butler et al. 2010; Schneider et al. 2010; Wang

et al. 2012; Yin 2005); The UTW can increase atmospheric

stability (Lee and Wang 2013; Ma et al. 2011), increase the

threshold for deep convection (Johnson and Xie 2010) and

thus suppress precipitation (Richter and Xie 2008); The

UTW may also influence the energy balance of the Earth’s

climate system by changing water vapor and clouds (Col-

man 2001). In this study, we investigate the potential role

of the UTW on the SST changes based on climate model

results with an imposed upper-tropospheric heating.

This paper is organized as follows. Section 2 describes

the models and experiments used in this study. Section 3

examines the atmospheric fast response to the GHGs

forcing. The following Sect. 4 discusses how the UTW

Fig. 1 a Multi model ensemble

mean (MME) of zonally

averaged temperature changes

between the RCP 4.5 simulation

for the period 2071–2100 and

the historical simulation for the

period 1980–2005. Zonally

averaged temperature (�C)

changes in response to b double

CO2 (C-2CO2 - C-CTRL)

based on the POEM coupled

model

260 B. Xiang et al.

123



triggers and intensifies the sea surface warming. Finally we

summarize the findings in this study and its potential

implications.

2 Models and experiments

In order to assess how the UTW influences the surface

temperature changes, we perform numerical experiments

with an atmospheric general circulation model (AGCM)

and a coupled general circulation model (CGCM). The

AGCM is the ECHAM (v4.6) model (Roeckner 1996).

Here we use T42 horizontal resolution with 19 sigma levels

in the vertical extending from the surface to 10 hPa. The

CGCM is a newly developed atmosphere–ocean coupled

model named POP–OASIS–ECHAM model (POEM),

which couples the POP (v2.0.1) ocean model and ECHAM

(v4.6) atmospheric model through the OASIS coupler

(v3.0) (Xiang et al. 2012). We use a relatively coarse

resolution of ocean model with 100 (longitude) 9 116

(latitude) grid point in the horizontal and 25 levels in the

vertical. In the CGCM, the atmosphere is coupled to the

ocean between 60�S and 60�N. A higher latitudes SST and

sea ice are prescribed according to the observed climatol-

ogy. We apply a SST correction scheme over the equatorial

central Pacific and southeast Pacific to artificially eliminate

the commonly seen, mean SST bias associated with the

double Inter-tropical Convergence Zone (ITCZ) problem

(Xiang and Wang 2013). The SST correction term is esti-

mated by inversely fitting model SST tendency to obser-

vational climatology with the nudging method, and thus a

long-term annual SST correction term can be obtained. The

SST correction (nudging) term is exactly the same for all

the coupled model experiments in this study. With the SST

correction, the mean state of SST and precipitation is

realistic compared with observations (Fig. 3). Given the

fact that the maximum UTW is near the tropical region

(Fig. 1), the current POEM coupled model is thus an

appropriate tool to study the potential influence of UTW on

surface temperature changes even without an interactive

sea ice model component. This model has been used for

several recent studies which show realistic performance of

this CGCM (e.g., Wang et al. 2013; Xiang and Wang

2013).

Seven experiments are conducted with two control runs

and four sensitivity experiments (Table 1). The first control

run (C-CTRL) is a free running coupled experiment using

the POEM coupled model (40-year). The parameter setting

in the sensitivity experiments is the same as in C-CTRL

except with prescribed abrupt double CO2 concentrations

(C-2CO2) and an imposed upper-tropospheric heating

(C-HEAT). The imposed idealized heating is in the upper-

troposphere between 50 and 550 hPa with a maximum at

250 hPa, which is zonally uniform but varies in meridional

direction (Fig. 4). The design of the heating pattern is

based on the projected warming pattern (Fig. 1b) and also

the fact that the UTW has weak zonal gradients because of

fast wave adjustment in the tropics (Sobel et al. 2001; Xie

et al. 2010). Similar to C-HEAT, another coupled experi-

ment is performed with its maximum heating shifting to

30�S and 30�N while the heating rate is zero at the equator

(C-HEAT-30). The data analyzed from the CGCM sensi-

tivity experiments include only the last 20 years of the

50-year integrations.

Similarly, we also carry out another control run

(A-CTRL) by using the AGCM (atmosphere-only) with

Fig. 2 Time evolutions of the SST and 300-hPa temperature

anomalies over the Tropics (30�S–30�N) obtained from the 20 model

multi-model ensemble mean (MME) for the RCP4.5 run. Anomalies

are relative to the 1980–2005 climatology from the historical run. The

left y-axis corresponds to the tropical mean SST anomaly, the right

y-axis corresponds to the 300 hPa temperature anomaly

Fig. 3 Annual mean a SST (�C) and b precipitation (mm/day) from

the control run of POEM coupled model (C-CTRL). A SST correct

scheme is used over the equatorial Pacific (blue box in a) and

southeastern Pacific (black box in a) to eliminate the mean SST bias
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prescribed climatological SST and sea ice forcing. Two

AGCM sensitivity experiments (A-2CO2, A-HEAT) are

performed, which have the same atmospheric setup as the

corresponding CGCM experiments. These AMIP type

experiments are integrated for 10 years each.

In this study, we use 20 climate models that participated

in CMIP5 (Taylor et al. 2011) in this study (Table 1 in Lee

and Wang 2013). The projected future changes are esti-

mated based on the RCP4.5 simulations for the period

2071–2100 relative to the corresponding historical simu-

lations for the period 1980–2005.

3 Atmosphere fast adjustment to double CO2 forcing

As mentioned above, the motivation of this study is to

explore whether the fast atmospheric response associated

with GHGs or solar forcing can feed back to influence the

SST. First, we examine the rapid adjustment of the atmo-

sphere with the double CO2 forcing by performing the

AGCM experiments (Table 1). This issue has been exten-

sively studied by some recent studies (Andrews et al. 2009;

Bala et al. 2010; Cao et al. 2012; Dong et al. 2009; Gregory

and Forster 2008; Kamae and Watanabe 2012) from a

global mean perspective, but here we are only focusing on

the regions near tropics (30�S–30�N). 10 ensemble runs are

used for both the control and double CO2 experiments.

Each ensemble is started from January 1st and here we do

not consider the potential influence of seasonality.

Over the land areas, the lower-troposphere shows more

warming in the first week and even on longer time scales

(Fig. 5a). The land surface warming is attributed to

reduced evaporation, and increased downward longwave

and shortwave radiation (Cao et al. 2012; Dong et al. 2009;

Kamae and Watanabe 2012). Over the tropical ocean

regions, more warming is seen in the lower-troposphere in

Table 1 List of model experiments in this study

Experiments Description

C-CTRL Control run of the coupled model (POEM) (40-year)

C-2CO2 Coupled model run with abrupt double CO2 (50-year)

C-HEAT Coupled model run with prescribed upper-tropospheric heating (Fig. 4) (50-year). 5 ensembles are performed for the first 5 years

to examine the evolution features associated with upper-tropospheric heating

C-HEAT-30 Same as C-HEAT but with the maximum heating shifting to 30�S and 30�N. The heating rate is zero at the equator (Fig. 13a)

A-CTRL AGCM control run with prescribed climatological SST and sea ice

A-2CO2 AGCM run with abrupt double CO2 (10-year). 10 ensembles are used for the first month to show the transient atmospheric

responses

A-HEAT AGCM run with prescribed upper-tropospheric heating (Fig. 4) (10-year)

Fig. 4 a Meridional and

b vertical heating profile from

the C-HEAT and A-HEAT

experiments. The prescribed

heating profile is zonally

uniform
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the first week (Fig. 5b) because of the maximum instan-

taneous longwave radiative heating (Collins et al. 2006;

Kamae and Watanabe 2012). However, on the time scales

beyond 1 week, the upper-troposphere displays a much

higher warming than the lower-troposphere. The vertical

difference in the warming rate is expected to be governed

by the moist adiabatic adjustment through convection

(Knutson and Manabe 1995; Manabe et al. 1965). A

notable cooling is evident in the stratosphere which can be

ascribed to radiative origin (Hansen et al. 1997). This long-

term mean (beyond one weak) of vertical temperature

profile over ocean is somewhat different from other studies

(Cao et al. 2012; Dong et al. 2009). We argue that the

discrepancy may originate from the studied regions. We are

considering the tropical regions with strong mean con-

vection, and the moist adiabatic adjustment is more

effective in driving the UTW over the tropics than other

regions. Similar to the effect due to the solar forcing (Cao

et al. 2012), the initial UTW can also be regarded as a fast

response of the atmosphere to the enhanced GHGs con-

centrations. In the next section, we use AGCM and CGCM

experiments to unveil the physical mechanisms of how the

UTW alters the SST.

4 The SST changes due to upper-tropospheric heating

forcing

Due to the complexity of air–sea interactions and climate

feedbacks, it is difficult to identify the relative contribu-

tions of the UTW on the SST changes from other processes

by using the conventional model experiments. Here we

prescribe an idealized heating in the upper-troposphere

(Fig. 4) in the POEM CGCM model and integrate 50 years.

The POEM model then produces a pronounced sea surface

warming related to the upper-tropospheric heating relative

to the C-CTRL run (Fig. 6a). This warming pattern is

strikingly similar to that obtained from the ‘double CO2’

experiment (Fig. 6b) with a spatial correlation coefficient

of 0.82. The gross feature of the sea surface warming

pattern also bears close resemblance with the multi-model

ensemble mean (MME) of the CMIP5 model results for the

RCP4.5 scenario in the late twenty-first century (Fig. 6c).

Similar to the double CO2 forcing, it is expected that the

UTW-induced sea surface warming is also prominently

modulated by climatological mean surface winds and

evaporation (Xie et al. 2010) so that more (less) warming

occurs over the tropical (subtropical) oceans. Above

comparisons indicate that the SST warming due to GHGs

forcing may be partly ascribed to the UTW, and we refer to

this SST warming caused by the UTW as a ‘top-down’

warming mechanism.

One more experiment has been carried out to test the

sensitivity of the SST changes to the prescribed atmo-

spheric heating forcing. The sensitivity experiment has the

same horizontal heating pattern as in C-HEAT but shifts

the maximum heating to the height of 500 hPa. It is

noteworthy that this experiment generates a similar SST

warming pattern as the one shown in Fig. 6a. This result is

reasonable because the strong moist adiabatic adjustment

favors the maximum warming occurring in the upper-tro-

posphere even with the heating in the mid-troposphere.

The physical mechanisms of how the UTW causes the

surface warming are not trivial because the complexity of

Fig. 5 Zonally (0�–360�) and

meridionally (30�S–30�N)

averaged temperature changes

in the AGCM experiments

associated with double CO2

(A-2CO2 - A-CTRL) for the

first week (black), second week

(blue) and the third month (red)

over a land and b ocean
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air–sea feedbacks makes it difficult to disentangle the

underlying processes. However, the initial SST warming is

to a certain degree forced by the atmosphere given the fact

that the atmospheric response is much faster than the

ocean. Therefore, in the following two subsections, we will

address this issue by separating it into two questions by

using AGCM and CGCM, respectively: (1) What processes

trigger the initial sea surface warming associated with the

upper-tropospheric heating? (2) Do and if so how do the

air–sea interactions and feedbacks regulate the initial sea

surface warming rate triggered by the upper-tropospheric

heating?

4.1 How does the UTW trigger the initial sea surface

warming?

In order to understand how the UTW triggers the initial sea

surface warming, we examine the changes of the surface

energy balance in response to the upper-tropospheric

heating using the AGCM model with fixed SST and sea ice.

The AGCM results largely represent the fast response of

the atmosphere before the SST changes in a coupled sys-

tem. We present, in Fig. 7, the surface heat flux changes

related to the upper-tropospheric warming. Apparently, the

upper-tropospheric heating induces a net downward surface

heat flux in most oceanic regions (Fig. 7a). The changes in

downward longwave radiation at the sea surface are small

(Fig. 7d). The surface latent heat flux is positive (down-

ward) in almost all ocean basins (Fig. 7c), and this effect is

similar to the fast atmospheric response to an instantaneous

increase in CO2 in which case the boundary layer becomes

warmer and moister (Andrews et al. 2009; Bala et al. 2010;

Cao et al. 2012; Dong et al. 2009). The incoming short-

wave radiation tends to partially counter-balance the

downward latent heat flux in the tropics especially in

regions with strong mean precipitation, but in the sub-

tropics the shortwave radiation adds heat to ocean

(Fig. 7b). As a consequence, the reduction of the upward

latent heat flux acts as the key process bridging the UTW

and the initial sea surface warming.

Fig. 6 SST changes in response

to a prescribed heating in the

upper-troposphere (C-HEAT -

C-CTRL) and b double CO2

(C-2CO2 - C-CTRL) by using

the POEM CGCM model.

Shown are 20-year means from

the last 20 years of 50-year

integrations for the double CO2

experiment and prescribed

upper-tropospheric heating

experiment. c Multi model

ensemble mean (MME) of the

SST changes between the

RCP4.5 simulation for the

period 2071–2100 and the

historical simulation for the

period 1980–2005 from the

CMIP5 models
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The reason for the reduced upward surface latent heat

flux associated with the UTW requires a thorough inves-

tigation. With the fixed lower boundary forcing (SST and

sea ice distribution), the changes of surface latent heat flux

are dominantly controlled by the changes of surface wind

speed and specific humidity (Qs–Qa) according to the

standard bulk formula. Here Qs denotes the saturation

specific humidity at the sea surface interface which

depends on SST, and Qa represents the surface specific

humidity. Note that the surface wind speed is calculated

based on daily mean winds. Similar with the GHGs’ effect

(Held and Soden 2006; Richter and Xie 2008), the surface

wind speed is weakened over most of the tropical oceans

(Fig. 8a). The tropical (30�S–30�N) mean of wind speed is

weakened by -0.7 % (0.05 m/s) over the ocean domains.

Meanwhile, the surface specific humidity (Qa) is enhanced

with a quite uniform spatial pattern (Fig. 8c), which is

tightly linked to an increase in temperature (Fig. 9a) and an

increase in relative humidity (*0.5 %) (Fig. 10c). The

resultant Qs-Qa is suppressed by -1.8 % over the tropical

oceans (30�S–30�N) (Fig. 8d). Both the weakened surface

wind speed and increased surface moisture contribute to

the reduction of the upward latent heat flux whereas the

latter dominates over the former.

More moisture trapped in the lower-troposphere is a key

mechanism for the UTW to affect the SST. Two processes

are responsible for the lower-tropospheric moisture chan-

ges associated with temperature and precipitation changes.

First, the temperature rise (Fig. 9a) increases the water

holding capacity in the lower troposphere, favoring the

increase of surface specific humidity. Second, the stabi-

lized atmosphere due to the UTW tends to weaken the deep

convection as well as the vertical moisture transport so as

to trap more moisture in the lower troposphere. Figure 11a

shows a substantial reduction in precipitation over most

ocean basins primarily due to the weakened convective

precipitation. Physically, the reduced convective precipi-

tation can be explained by the stabilized atmosphere which

Fig. 7 Changes in the surface

heat flux (W/m2) associated

with the upper-tropospheric

heating in the AGCM

experiments (A-HEAT -

A-CTRL). a Net heat flux;

b shortwave radiation; c latent

heat flux; and d longwave

radiation. Positive means that

ocean gets energy

Fig. 8 Changes in a 1,000 hPa

wind speed, and b its change

ratio compared to the

climatology (%) due to the

upper-tropospheric heating in

the AGCM experiments

(A-HEAT - A-CTRL). c, d are

the same as a, b but for

1,000 hPa specific humidity

(g/kg) and the change ratio of

Qs–Qa compared to the its

climatology (%)
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Fig. 9 Vertical profiles of

zonally averaged temperature

(�C) changes in response to the

prescribed upper-tropospheric

heating in a the AGCM

(A-HEAT - A-CTRL) and

b the CGCM (C-HEAT -

C-CTRL) experiments. c and d,
the corresponding specific

humidity (g/kg) changes.

10-year means are used for

AGCM experiments and

20-year means (the last 20 years

of 50-year integrations) for

CGCM experiments

Fig. 10 Cloud fraction (%)

changes due to the upper-

tropospheric heating in

a AGCM (A-HEAT -

A-CTRL, left column) and

b CGCM (C-HEAT -

C-CTRL) experiments. c and

d are the same but for relative

humidity (%)
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increases the threshold for deep convection (Johnson and

Xie 2010). Above results also imply that the precipitation

decrease is larger than the evaporation decrease and this

imbalance leads to an increase in moisture content in the

atmosphere.

Note that the large-scale non-convective precipitation is

intensified in most tropical regions (Fig. 11e), which

facilitates increasing the mid- to lower-tropospheric tem-

perature because of the latent heat release (Fig. 9a).

Meanwhile, the intensified large-scale precipitation corre-

sponds to the increased fraction of the mid- and low-level

clouds (Fig. 10a), which tend to be more effective in

reflecting shortwave radiation than high clouds so that the

incoming shortwave radiation at the surface is reduced

(Fig. 7b).

4.2 Understanding the role of the UTW–SST warming

feedback in intensifying the initial sea surface

warming

The above AGCM experiments well document how the

UTW triggers the initial sea surface warming. However,

the surface heat flux closely follows the SST changes in

reality. Thus, an investigation of heat flux evolutions in the

CGCM is instrumental for identifying the feedbacks which

may amplify or dampen the initial SST warming over the

tropical oceans. Considering the facts that heat flux plays

the dominant role in shaping up the SST patterns near the

tropics while ocean dynamics are important in regulating

the SST patterns in the extratropics because of the differ-

ence in mean SST gradients (Xie et al. 2010), here we only

focus on the heat flux changes averaged over the tropical

oceans (30�S–30�N) (Fig. 12). As expected, the upward

latent heat flux from the ocean to the atmosphere is sub-

stantially decreased in the first 2–3 years with its amplitude

decreasing gradually afterwards accompanied by the steady

sea surface warming. The decreased amplitude of the latent

heat flux is caused by the competing effects between the

increased atmospheric specific humidity and simultaneous

rise of SST. By contrast, the downward longwave radiation

at the ocean surface is increasing steadily and is mostly

balanced by the decreasing incoming shortwave radiation.

We claim that the increased longwave radiation largely

reflects the contribution from the positive water vapor

feedback (Bony et al. 2006; Soden and Held 2006). As a

GHG, additional water vapor traps more downward long-

wave radiation and enhances the SST warming, which is, in

turn, tied to moisture anomalies. The role of the positive

water vapor feedback is further supported by the fact that

the increasing rate of specific humidity is much larger in

the CGCM experiments than the AGCM experiments

(Fig. 9d vs. 9c).

The major processes by which the UTW (forced by

either the GHGs or solar forcing) cause the sea surface

warming can be summarized as the followings. With the

GHGs or solar forcing, the atmosphere attains a rapid

Fig. 11 Precipitation changes

(mm/day) due to the upper-

tropospheric heating in the

AGCM (A-HEAT - A-CTRL,

left column) and CGCM

(C-HEAT - C-CTRL, right

column) experiments: total

rainfall (upper row), convective

rainfall (middle row), and large-

scale (non-convective) rainfall

(bottom row)
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response with stronger warming in the upper-troposphere

than in the lower-troposphere. The UTW then suppresses

surface wind speed and traps additional moisture in the

lower-troposphere, thus reducing the surface upward latent

heat flux but increasing downward longwave radiation to

the ocean. As such, the SST becomes warmer and the

positive water vapor feedback then further intensifies the

SST warming via an increased downward longwave radi-

ation. This is a slow process. The SST warming caused by

the UTW can in turn feed back to intensify the initial

UTW. In addition to the moist adiabatic adjustment process

(Knutson and Manabe 1995; Manabe et al. 1965), the water

vapor feedback may also contribute to strengthen the UTW

as demonstrated by previous studies (Gettelman and Fu

2008; Minschwaner et al. 2006). The above two-way

interaction completes a positive ‘UTW–SST warming’

feedback loop.

5 Summary and discussion

Future projections of climate changes by current climate

models show a very robust feature characterized by more

warming in the upper-troposphere than the lower-tropo-

sphere. Similarly, the fast response of the atmosphere to

either GHGs or solar forcing also shows a maximum

warming in the upper-troposphere over the tropical ocean

areas. Improving the understanding of the impact of the

fast UTW on the climate sensitivity is a challenging task

because it is difficult to isolate its effects from that of other

processes. In this study, we use prescribed upper-tropo-

spheric heating experiments to address the potential role of

UTW on sea surface warming by focusing on the surface

energy budget. It is found that the UTW is able to increase

water vapor in the lower-troposphere and suppress the

surface wind speed, both contributing to trigger the initial

SST warming by reducing the upward latent heat flux. The

increase of water vapor also leads to more downward

longwave radiation enhancing the sea surface warming.

The sea surface warming can in turn feed back to intensify

the UTW, completing a positive UTW–SST warming

feedback.

To test the sensitivity of the SST response to the

meridional heating profile, we make another coupled

experiment (C-HEAT-30) by shifting the maximum heat-

ing to 30�S and 30�N (Fig. 13a). The vertical heating

profile is the same as C-HEAT. The induced SST changes

are characterized by a similar warming pattern with

C-HEAT despite of weakened amplitude (Fig. 13b vs. 6a).

Of particular interest is that a robust warming is seen over

the equatorial region despite of the zero heating rate at the

equator. In other words, the SST changes do not follow the

meridional heating profile. How to understand this? We

argue that the wave adjustment plays an important role in

redistributing the UTW signal to the equatorial upper-tro-

posphere which can further induce the tropical SST

warming through the ‘top-down’ warming mechanism.

With the involvement of the UTW–SST positive feedback,

the equatorial SST and UTW can be both intensified. This

argument is further corroborated by the vertical tempera-

ture changes pattern characterized by the maximum

warming occurring in the equatorial upper-troposphere

(Fig. 13c). Although the off-equatorial heating can also

induce the tropical SST warming (Fig. 13), it should be

noted that the equatorial upper-tropospheric heating is

more efficient in driving the tropical SST warming dem-

onstrated by a northward-shifted heating experiment (Xie

et al. 2013).

Tropical tropospheric temperature and SST are coupled

by the convections through moist adiabatic process. The

physical process to achieve such a relation could be quite

different depending on whether the initial warming is from

the SST or from the troposphere. With an initial SST

warming, the upper-troposphere tends to become warmer

associated the convective adjustment. Given an initial

UTW perturbation, it can alter the lower-tropospheric

moisture and temperature so as to maintain the moist adi-

abatic lapse rate. The proposed ‘top-down’ warming

mechanism is therefore viewed as one important part of the

moist adiabatic adjustment. This also has some implication

on understanding why it is difficult to destroy the moist

adiabatic lapse rate in a convective-radiative equilibrium

regime.

Global warming is the first order manifestation of

increasing GHGs. This study establishes a ‘top-down’

warming mechanism, that is, the GHGs (or solar)-forced

Fig. 12 The time evolution of the zonal (0�–360�) and meridional

(30�S–30�N) average of SST (�C) and surface heat flux (W/m2)

changes in the first 5 years for the coupled model simulations

associated with the upper-tropospheric heating (C-HEAT - C-

CTRL): changes in SST multiplied by 3 (red), surface latent heat

flux (black), shortwave radiation (dashed green), longwave radiation

(blue) and the sum of above three heat fluxes (pink) at the surface. A

3-month running mean is applied, and five ensembles are used for the

control and sensitivity experiments. Sensible heat flux change is

neglected due to its small amplitude
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rapid UTW can further amplify the SST warming. The

UTW can have important ramifications for the climate

prediction problem and the understanding of the past and

future changes of the clouds, precipitation and atmospheric

circulations. For example, the changes in precipitation

occur at a smaller increase rate than the moisture increase

rate in projections of future climate by current start-of-the-

art models (Held and Soden 2006). This fact has been

attributed to weakened atmospheric circulation (Held and

Soden 2006), the strong radiative constraints (Stephens and

Ellis 2008; Takahashi 2009). The increased atmospheric

stability associated with UTW may provide an alternative

explanation for the less precipitation increase rate given the

substantial reduction in deep convective precipitation in

both the AGCM and the CGCM experiments (Fig. 11). A

recent study by Liu et al. (2013) revealed that the solar-

volcanic forcing can cause an intensified Walker circula-

tion but the GHGs forcing weakens the Walker circulation

given similar increase rate of global mean temperature; The

solar forcing can also induce a stronger increase in pre-

cipitation than the GHGs forcing. The root cause was

suggestively attributed to different impacts on the atmo-

spheric stability (Liu et al. 2013). That is, the solar-vol-

canic forcing does not change the atmospheric stability but

the GHGs forcing does which is likely due to the different

responses of the temperature in the upper-troposphere.

This study is a general survey intended to shed light on

the importance of the feedback between the UTW and sea

surface warming, but it remains unclear how strong is this

feedback. In other words, how much of the sea surface

warming can be attributed to this feedback for the future

projections? Considering the different impacts of the UTW

on the convective and large-scale precipitation, the circu-

lation changes are also expected to have different behaviors

in the upper-troposphere and lower-troposphere. Further

studies are required to address the above issues.
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