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ABSTRACT

Precipitation exhibits a significant rapid adjustment in response to forcing, which is important for un-

derstanding long-term climate change. In this study, fixed sea surface temperature (SST) simulations are used to

analyze the spatial pattern of the rapid precipitation response. Three different forcing scenarios are investigated

using data obtained from phase 5 of CMIP (CMIP5): an abrupt quadrupling of CO2, an abrupt increase in

sulfate, and an abrupt increase in all anthropogenic aerosol levels from preindustrial to present day. Analysis of

the local energy budget is used to understand the mechanisms that drive the observed changes.

It is found that the spatial pattern of the rapid precipitation response to forcing is primarily driven by rapid land

surface temperature change, rather than the change in tropospheric diabatic cooling. As a result, the pattern of

response due to increased CO2 opposes that due to sulfate and all anthropogenic aerosols, because of the opposing

surface forcing. The rapid regional precipitation response to increasedCO2 is robust amongmodels, implying that the

uncertainty in long-term changes is mainly associated with the response to SST-mediated feedbacks. Increased CO2

causes rapidwarming of the land surface, which destabilizes the troposphere, enhancing convection andprecipitation

over land in the tropics. Precipitation is reduced over most tropical oceans because of a weakening of overturning

circulation and a general shift of convection to over land. Over most land regions in the midlatitudes, circulation

changes are small. Reduced tropospheric cooling therefore leads to drying over many midlatitude land regions.

1. Introduction

Regional precipitation change is one of the most un-

certain aspects of climate change prediction (Stephens

et al. 2010; Liepert and Previdi 2012; Stevens and Bony

2013) and can have major societal implications (Wake

2013). On a global scale, the precipitation response

to a forcing can be understood through atmospheric

energy budget arguments (Mitchell et al. 1987; Allen

and Ingram 2002; O’Gorman et al. 2012). Tropospheric

radiative cooling tightly constrains global precipitation

(Pendergrass and Hartmann 2014), leading to a slow sea

surface temperature (SST)-dependent response due to

radiative feedbacks (Previdi 2010) and a forcing-

dependent rapid adjustment (or fast response) due to

the near-instantaneous change in atmospheric cooling

(Lambert and Faull 2007; Bala et al. 2010; Andrews et al.

2010; Kvalevåg et al. 2013; Kravitz et al. 2013). The rapid
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adjustment is vital for understanding the different hy-

drological sensitivities between forcing agents (Andrews

and Forster 2010; Andrews et al. 2010; Cao et al. 2011).

On a regional scale, precipitation changes are more

difficult to predict because of complex variations in

circulation patterns (Bony et al. 2013). Many studies on

regional precipitation have utilized the water vapor

budget (Emori 2005; Bony et al. 2013; Huang et al. 2013)

to analyze change. There has been very little previous

work on understanding the regional drivers of pre-

cipitation as a response to forcing. However, local pre-

cipitation change can be understood in a similar fashion

to global change, through incorporating horizontal dry

static energy transport into the atmospheric energy

budget (Muller and O’Gorman 2011). The local energy

budget provides a simple framework for analyzing the

regional precipitation response to forcing.

It has been shown that increasing CO2 levels

produces a significant rapid reduction in precipitation

(Mitchell et al. 1987; Andrews et al. 2010), which ex-

hibits substantial spatial variation (Bony et al. 2013;

Chadwick et al. 2014). Bony et al. (2013) showed that

around half the 30-yr mean change in tropical over-

turning circulation due to quadrupling CO2 occurs

within the first five days, driving much of the tropical

precipitation pattern. The rapid adjustment makes an

important contribution to long-term precipitation

change, and therefore it is important to understand the

mechanisms involved.

The rapid tropical precipitation response is likely af-

fected by land surface temperature adjustments influ-

encing atmospheric stability (Cao et al. 2012; Chadwick

et al. 2014) and reduced tropospheric radiative cooling

affecting general circulation (Bony et al. 2013). How-

ever, it is not well established which of these mecha-

nisms is the principal driver of the spatial pattern. In

addition, it is not known what mechanisms drive the

precipitation pattern outside of the tropics. In this study,

we utilize the local energy budget framework to help

understand the spatial pattern of rapid precipitation

adjustments.We use idealized experiments from phase 5

of the Coupled Model Intercomparison Project (CMIP5)

to investigate the mechanisms driving the regional rapid

precipitation response to CO2 and aerosol forcing.

2. Methods

a. Data and experiments

There are three methods available to isolate the rapid

precipitation adjustment: fixed sea surface temperature

experiments, regression, or using the first year of fully

coupled simulations. However, regression is noisy on a

regional scale, and using the first year of coupled simu-

lations incorporates a significant amount of SST change

(Sherwood et al. 2014). Therefore, we chose to isolate

the rapid adjustment using 30-yr fixed SST experiments,

in which only the land surface and atmosphere are al-

lowed to adjust. In these simulations, SSTs and sea ice

are prescribed using data from preindustrial control

runs, thus suppressing any feedbacks mediated by SST

change. Vegetation maps for land are also prescribed,

but the vegetation may respond (e.g., through stomatal

opening or leaf area index) (Taylor et al. 2009).

Datawere obtained frommodels participating inCMIP5

(see Table A1). We analyze the precipitation response to

three different forcing scenarios: an abrupt quadrupling of

CO2 levels (sstClim4xCO2), an abrupt increase of sulfate

levels from preindustrial to present day (sstClimSulfate),

and an abrupt increase of all anthropogenic aerosol

from preindustrial to present day (sstClimAerosol). The

models analyzed in this study represent the effects of

aerosols in varying detail, as shown in Table S1 in the

supplementary information (Allen et al. 2015). Changes in

climate variables were calculated by subtracting the 30-yr

mean of control runs from the 30-yr mean of forced runs.

Multimodel mean errors are taken as the 5%–95% un-

certainty range assuming a normal distribution.

b. Global and local atmospheric energy budget

Weutilize both the global and local atmospheric energy

budgets to help understand the precipitation response to

forcing. Globally the latent heat released by precipitation is

balanced by the longwave (LW) and shortwave (SW) cool-

ingof the troposphere and the surface sensibleheat flux (SH)

(O’Gorman et al. 2012). Following Muller and O’Gorman

(2011), we decompose regional precipitation P by in-

corporating dry static energy flux divergence H into the

global budget, as shown in Eq. (1):

L
c
dP5 dQ1 dH5 dLW1 dSW2 dSH1 dH , (1)

where Lc is the latent heat of condensation, Q is the

diabatic cooling of the troposphere (excluding latent

heat), and d denotes the perturbation between climates.

Change in H is given by the sum of mean Hm and eddy

Htrans components. The total change inH andHtrans are

calculated as residuals. The change inHm is calculated as

the sum of components due to advection across hori-

zontal Hhor, and vertical Hvert gradients of mean dry

static energy, as shown in Eq. (2):

dH
m
5 dH

hor
1 dH

vert
5 d

ð
u � =s1 d

ð
v

›s

›p
, (2)

where u is the horizontal velocity, s is dry static energy,v

is the vertical velocity, and p is pressure. Integral signs
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represent mass-weighted integration over the column,

and overbars denote climate means. The horizontal-

advective term is further decomposed into components

associated with changes in horizontal winds Hu, and

changes in horizontal gradients of dry static energy Hs,

as shown in Eq. (3):

dH
hor

5 dH
u
1 dH

s
5

ð
d[u] � =s1

ð
u � d[=s] . (3)

The vertical component is decomposed into a thermody-

namic termHtherm, associated with changes in the vertical

gradient of dry static energy, and a dynamic term Hdyn

associated with changes inmean vertical velocity [Eq. (4)]:

dH
vert

5 dH
dyn

1 dH
therm

5

ð
d[v]

›s

›p
1

ð
vd

�
›s

›p

�
. (4)

All energy budget terms are converted into precipitation

units (mmyr21).

3. Results and discussion

a. Global mean adjustment

Figure 1 shows the multimodel mean globally aver-

aged precipitation and atmospheric energy budget re-

sponse for the three forcing scenarios. The dominant

effect of quadrupling CO2 (Fig. 1a) is a strong re-

duction in LW cooling at the top of the atmosphere

(TOA), and a smaller magnitude increase in down-

welling LW radiation at the surface, producing a net

increase in atmospheric absorption. Overall, the dia-

batic cooling of the troposphere is reduced by251.286
14.7mmyr21, and is balanced by a global mean re-

duction in precipitation of250.026 14.4mmyr21. This

is consistent with previous studies showing rapid re-

ductions in global mean precipitation following in-

creased CO2 (Andrews et al. 2010; Cao et al. 2012;

Kvalevåg et al. 2013). The reduction is significant in

comparison to the feedback response, which is cur-

rently estimated at around 20–30mmyr21K21 (2%–

3%K21) (Andrews et al. 2010).

For increased sulfate levels, the dominant effect is a

decrease in the net downwelling SW radiation at both

the TOA and surface, resulting in a negligible change in

global mean tropospheric cooling and precipitation

(Fig. 1b). This is consistent with previous global mean

studies (Andrews et al. 2010; Kvalevåg et al. 2013). In-

creasing all anthropogenic aerosol levels also mainly

affects the SW radiative fluxes (Fig. 1c). In addition to

the sulfate effects, black carbon causes increased SW

absorption in the troposphere. Because of the black

carbon, global mean tropospheric cooling is reduced

by 24.31 6 3.2mmyr21 and precipitation by 24.30 6
3.2mmyr21. The changes in tropospheric cooling due to

the different forcing agents tightly constrain the global

mean rapid precipitation adjustment across the models,

in agreement with previous work (Andrews et al. 2010;

Kvalevåg et al. 2013).

b. Regional adjustment

The precipitation response to quadrupling CO2

exhibits a robust spatial pattern across models, with

FIG. 1. Multimodel mean energy budget response at the TOA

(upper line) and surface (lower line), and the net result for the tropo-

sphere (middle dashed line) for (a) sstClim4xCO2, (b) sstClimSulfate,

and (c) sstClimAerosol. The columns depict change in longwave

radiation, shortwave radiation, sensible heat flux, tropospheric

diabatic cooling, and precipitation (all converted to mmyr21). All

values are positive upward at the TOA and surface. For the tro-

posphere, positive values represent increased net emission (Emi)

of energy, and negative values represent net absorption (Abs) of

energy. Error bars represent the 5%–95% uncertainty assuming

a normal distribution.
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disagreement in sign mainly confined to regions of neg-

ligible change (Fig. 2a). The most prominent features

are observed in the tropics, with significant reductions

in regions of climatological large-scale ascent over the

Indian Ocean, equatorial Atlantic, and western and

eastern Pacific. Conversely, significant increases are

observed over southern Asia, the Maritime Continent,

Australia, Africa, and western South America.

Figure 3a shows the mean precipitation response in the

midlatitudes and tropics over land and sea for all

models. It can be seen that, excluding one outlier, all

the models agree on the sign of the change for each

region, further demonstrating the robustness of the

precipitation response. The robust spatial pattern im-

plies uncertainty in long-term predictions is mainly

associated with the response to SST-driven feedbacks

(Ma and Xie 2013).

There is a significant shift of precipitation from over

oceans to over land (Fig. 3a), with a mean increase of

15.36 32.4mmyr21 over land and a decrease of281.46
19.7mmyr21 over oceans (Table 1). This land–sea

contrast indicates the importance of the rapid land sur-

face adjustment to increasing CO2. The increased

downwelling LW radiation due to increased CO2 levels

causes rapid warming of the land surface (Fig. 2b). Over

land, there is an increase in mean near-surface air tem-

perature of 1.22 6 0.4K, which tends to destabilize

the troposphere, enhancing convection and precipita-

tion. The contrast in precipitation change is most prom-

inent in the tropics (Fig. 3a), where precipitation increases

by 54.6 6 60.2mmyr21 over land, and decreases

by2111.66 30.1mmyr21 over the sea. A similar land–

sea contrast in precipitation is observed in the first month

of fully coupled simulations with increased CO2 (Cao

FIG. 2. Multimodel mean precipitation P (mmyr21) change for (a) sstClim4xCO2, (c) sstClimSulfate, and

(e) sstClimAerosol simulations. Multimodel mean near-surface air temperature T (K) change for (b) sstClim4xCO2,

(d) sstClimSulfate, and (f) sstClimAerosol. Stippling indicates where less than 80% of the models agree on sign. The

color scale is reversed for (left) precipitation and (right) temperature such that blue represents increased pre-

cipitation and reduced temperature. Also note the changes in magnitude of color scales between experiments.
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et al. 2012). The enhanced land–sea temperature contrast

strengthens the African and Asian summer monsoons.

However, there are large regions over land, pre-

dominantly in the midlatitudes, for which precipitation

decreases. Notably, precipitation also decreases in the

northeastern of South America.

The sstClimSulfate and sstClimAerosol multimodel

mean precipitation adjustments exhibit very similar spatial

patterns to one another (Figs. 2c,e). Significant reductions

in precipitation occur over Africa, southern Asia, and the

Maritime Continent. There is a shift of precipitation from

land to sea for both simulations (see Table 1), most

prominent in the tropics (Figs. 3b,c). The precipitation

pattern shown in both the sulfate and aerosol simulations is

clearly opposed to that observed in the CO2 experiment.

Given the lack of opposing tropospheric forcing (see

Fig. 1), this indicates that the surface forcing is the principal

driver of the precipitation pattern through influencing land

surface temperatures. The reduced downwelling SW ra-

diation at the surface in both the aerosol experiments

causes cooling of the land (Figs. 2d,f) and therefore

tends to increase atmospheric stability over land regions.

The small difference between the sstClimSulfate and

sstClimAerosol global mean tropospheric forcing and pre-

cipitation (Fig. 1) has little effect on the spatial pattern, as

the regional changes induced by the land surface adjust-

ment are significantly larger in magnitude. The feedback

responses of precipitation to increased greenhouse gases

and reduced aerosols have also been shown to project onto

similar spatial patterns to one another because of similar

SST pattern change (Xie et al. 2013).

The largest reduction in precipitation for the

sstClimSulfate and sstClimAerosol simulations occurs

over southernAsia. This is consistent withGanguly et al.

(2012), who found that the rapid adjustment to in-

creased aerosol of one model exhibited significant re-

ductions in precipitation over Southeast Asia. Reducing

the land–sea surface temperature contrast weakens the

South Asian summer monsoon. The reduction in pre-

cipitation over Africa and southern Asia is fairly con-

sistent between models (Figs. 2c,e). However, over most

of the globe there is significantly more variability be-

tween models in the sstClimSulfate and sstClimAerosol

simulations, most likely because the forcing at the TOA

and surface is significantly less than for the CO2 exper-

iment. The resulting change in precipitation is therefore

small relative to natural internal variability.

Aerosols can also affect precipitation through their

role as cloud condensation and ice nuclei. The spatial

pattern of precipitation change for the aerosol experi-

ments is very similar betweenmodels that include aerosol

effects on precipitation efficiency (second indirect ef-

fect) and those that do not (Figs. S5 and S6 in the sup-

plementary information). This indicates that the

radiative effects primarily drive the spatial pattern of

precipitation change. The second indirect effect may

enhance the spatial pattern through further reduc-

ing precipitation over tropical land regions. For the

sstClimAerosol simulation, the cloud albedo effect

contributes significantly to the changes in land surface

temperature and precipitation pattern (Fig S6).

c. 4 3 CO2 local energy budget

To understand the mechanisms driving the regional

rapid precipitation adjustment to increased CO2 inmore

FIG. 3. Mean precipitation change (mmyr21) over the globe (G),

land (L), sea (S), midlatitude land (ML), midlatitude sea (MS),

tropical land (TL), and tropical sea (TS) for (a) sstClim4xCO2,

(b) sstClimSulfate, and (c) sstClimAerosol. Black lines indicate multi-

model mean values, and blue lines indicate individual model values.
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detail, we analyze the local energy budget response of

one model, HadGEM2-A. The rapid precipitation re-

sponse and tropospheric energy budget components

are shown in Fig. 4. The dry static energy flux divergence

components are shown in Fig. 5. The spatial pattern of

the precipitation response (Fig. 4a) is very consistent

with the multimodel mean response (Fig. 2a).

The change in dry static energy flux divergence H

(Fig. 4b) accounts for most of the large regional var-

iations observed within the tropics and exhibits a clear

land–sea contrast. The contribution from transient

eddies (Fig. 5b) is small relative to that by mean mo-

tions (Fig. 5a), particularly in the tropics. The ther-

modynamic component (Fig. 5d) is negligible over

much of the globe because of the fixed SSTs. The dy-

namic component, associated with changes in mean

vertical velocity (Fig. 5c), dominates the adjustment in

H in the tropics. Bony et al. (2013) similarly found that

the first year tropical precipitation response in fully

coupled simulations is dominated by changes in cir-

culation patterns. Over most land areas dHdyn is pos-

itive, with notable exceptions over northeastern South

America and northern Asia. This indicates enhanced

convection over land regions, due to increased land

surface temperatures, destabilizing the troposphere.

Over the ocean, in regions of large-scale ascent there

are large reductions in Hdyn. In contrast, in descent

regions, Hdyn generally increases. This implies an

overall weakening of overturning circulation, coupled

with a shift of convection to over land. This is con-

sistent with the rapid circulation response observed in

fully coupled simulations (Bony et al. 2013).

Outside of the tropics, the horizontal-advective

components Hu and Hs (Figs. 5e,f) become more sig-

nificant because of the large meridional dry static en-

ergy gradients. The spatial patterns of changes in Hu

andHs are generally opposed; however, the magnitude

of changes inHu is significantly larger. The net effect is

that changes in horizontal advection of dry static en-

ergy counteract the dynamic component (Fig. 5c). As a

result, changes in horizontal energy transport are re-

duced in the mid-to-high latitudes. Therefore, this re-

duces the magnitude of precipitation changes required

for energy balance.

Over much of the globe, the tropospheric cooling is re-

duced (Fig. 4c), contributing to a decrease in precipitation

and dominating the global mean. The reduction is mainly

due to increased absorption of LW radiation by CO2

(Fig. 4e), as well as increased SHflux from the surface over

many land areas (Fig. 4d). The change in SW cooling is

negligible over most of the globe (Fig. 4f).

The change in cloud fraction, atmospheric cloud ra-

diative effect (CRE), and radiative fluxes at the TOA

and surface are shown in Fig. 6. The CRE is defined as

the difference between net radiative fluxes out of the

troposphere in all-sky and clear-sky conditions. The

change in CRE includes ‘‘cloud masking’’ effects

(Soden et al. 2004). CRE changes (Fig. 6a) strongly

influence the spatial pattern of the LW tropospheric

cooling (Fig. 4e) (Lambert et al. 2014). In the tropics,

dCRE (Fig. 6a) and dHdyn (Fig. 5c) are strongly nega-

tively correlated (r520.85). In regions where dHdyn is

positive, indicating enhanced convection, there is de-

creased radiative cooling because of clouds. Con-

versely, in regions with negative dHdyn, there is

increased radiative cooling because of clouds. This ef-

fect slightly dampens the large regional variations driven

by circulation changes in the tropics.

Over most land in the midlatitudes (North and South

America, Europe, and western/central Asia), where dH

is small, the change in tropospheric cooling dominates

the precipitation response (Fig. 4c). A significant in-

crease in surface sensible heat flux, due to increased

surface temperature, contributes strongly to the reduced

tropospheric cooling in these regions (Fig. 4d). There is

little change in TOA LW cooling (Fig. 6e), whereas net

downwelling LW radiation at the surface decreases

(Fig. 6c). The net reduction in tropospheric cooling leads

to reduced precipitation. The surface warming does not

trigger enhanced moist convection, as seen over most

tropical land regions. Cloud cover decreases significantly

(Fig. 6b), which increases downwelling SW radiation at

the surface and TOA (Figs. 6d,f). This enhances the land

surface warming, causing further increases in upwelling

LW and SH fluxes. The tropospheric cooling in the

northeast of South America behaves similarly to the

midlatitudes, though the dynamical mechanisms likely

differ. This, coupled with a reduction in dry static energy

TABLE 1. Multimodel mean precipitation P, tropospheric diabatic coolingQ, and land surface temperature T response. Errors represent

the 5%–95% uncertainties assuming a normal distribution.

Experiment

Global mean dP

(mmyr21)

Global mean dQ

(mmyr21)

Land mean dP

(mmyr21)

Sea mean dP

(mmyr21)

Land mean dT

(K)

sstClim4xCO2 250.3 6 14.9 251.2 6 14.5 15.3 6 32.4 281.4 6 19.7 1.22 6 0.4

sstClimSulfate 0.24 6 1.3 0.30 6 1.3 28.19 6 6.3 4.59 6 5.3 20.13 6 0.1

sstClimAerosol 24.30 6 3.2 24.31 6 3.2 212.2 6 15.9 20.03 6 6.8 20.11 6 0.1
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flux divergence, causes the reduction in precipitation

observed there (discussed further in section 3d).

d. 4 3 CO2 tropospheric vertical profile

To help understand the tropospheric response in dif-

ferent regions to quadrupling CO2, we analyze the

change in vertical profiles of temperature T, equivalent

potential temperature ue, relative humidity RH, and

specific humidity q for HadGEM2-A, as shown in Fig. 7.

The global mean response (Fig. 7a) is dominated by the

response of the oceans (Fig. 7c). Tropospheric temper-

ature change grows with height above the surface, with a

maximum increase at 850hPa and a corresponding re-

duction in relative humidity. This warming and drying

around the upper part of the boundary layer inhibits

vertical motion, stabilizing the atmosphere and reducing

precipitation. In contrast, over land the largest temper-

ature increase is at the surface, specific humidity in-

creases throughout most of the troposphere, and there

is a weaker reduction in lower-tropospheric relative

humidity than over the ocean (Fig. 7b). This pattern

destabilizes the troposphere, enhancing convection and

precipitation. Dong et al. (2009) observed similar dif-

ferences in the rapid tropospheric response over land

and sea to increased CO2.

The tropospheric response varies greatly between

different regions, as seen in Figs. 7d–g (geographical

locations of the regions are shown in Fig. 4a). Over

central Africa, where precipitation increases signifi-

cantly, the tropospheric temperature increases near the

surface (Fig. 7d). This is accompanied by an increase in

specific humidity at around 500–800 hPa. As a result,

FIG. 4. Local energy budget changes for HadGEM2-A sstClim4xCO2 simulation: (a) precipitation, (b) dry static

energy flux divergence, (c) tropospheric diabatic cooling, (d) negative surface sensible heat flux, (e) LW cooling,

and (f) SW cooling. All values are converted into precipitation units (mmyr21), and blue represents positive

contributions to precipitation in all panels. Global mean (GM) values are given for each panel. The boxes in

(a) show the regions Europe, Africa, South America, and the Atlantic Ocean (for which the vertical profiles are

analyzed in Fig. 7). Note that the color scale magnitude is larger for (a) and (b).
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the equivalent potential temperature is significantly

increased in the lower half of the troposphere, while

temperature remains almost unchanged in the upper

troposphere. This combination increases the deep

convective instability and drives increased convection

and precipitation. Over Europe, where precipitation

decreases, the temperature increases throughout most

of the troposphere, with a peak at around 900 hPa

(Fig. 7e). Unlike over Africa, the specific humidity does

not increase anywhere in the troposphere and de-

creases below 600 hPa. As a result, the relative hu-

midity reduces significantly, causing a reduction in

precipitation. This indicates that a lack of available

moisture prevents enhanced moist convection, as seen

over tropical land regions.

Figure 7f shows the tropospheric adjustment in a

region of significantly reduced precipitation over the

tropical Atlantic. It can be seen that there is an in-

crease in temperature between 850 and 500 hPa, which

inhibits vertical motion. There is also a reduction in

specific and relative humidity above 800 hPa. As a re-

sult, precipitation decreases considerably in this re-

gion. Figure 7g shows the tropospheric adjustment

over northeastern South America, which responds

differently to most tropical land regions, with a sig-

nificant reduction in precipitation. The temperature

increases near the surface, which would tend to de-

stabilize the troposphere. However, there is a large

reduction in moisture levels near the surface,

causing a peak in equivalent potential temperature

at around 850 hPa, and almost no change in the sur-

face values. This pattern implies a lifted cloud base,

which, combined with the warming just above the

boundary layer, inhibits moist convection and reduces

FIG. 5. (a) Mean Hm and (b) eddy Htrans components of the change in dry static energy flux divergence for

HadGEM2-A sstClim4xCO2 simulation. (c)–(f) The mean term decomposed into (c) dynamic Hdyn,

(d) thermodynamicHtherm, (e) horizontal windHu, and (f) horizontal gradientHs components, as outlined in Eqs.

(2)–(4). All values are converted to precipitation units (mmyr21), with blue representing a positive contribution to

precipitation.
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precipitation. Various studies have found that the

physiological forcing of CO2 significantly reduces

evapotranspiration over the Amazonian basin

(Andrews et al. 2011; Pu and Dickinson 2014). This

occurs because, under increased CO2 concentra-

tion, plant stomata do not open as wide. This likely

contributes to the large reduction in humidity over

South America.

4. Conclusions

The rapid climate response to forcing can have im-

portant implications for long-term climate change

(Andrews et al. 2010; Bony et al. 2013). In this study, we

find that the spatial pattern of rapid precipitation ad-

justment due to forcing is primarily driven by the rapid

land surface response, rather than the change in tropo-

spheric diabatic cooling. As a result, the spatial pattern

due to quadrupling CO2 opposes that due to increased

sulfate or all anthropogenic aerosols. Increasing CO2

levels causes warming of the land surface because of

enhanced downwelling LW radiation. This destabilizes

the atmosphere by warming the lower troposphere,

producing an overall shift of convection and precipitation

to over land. The opposite happens in response to aero-

sols: increased sulfate levels cool the land surface because

of reduced downwelling SW radiation. This stabilizes the

troposphere and reduces precipitation over land. The

same effect occurs for an increase in all anthropogenic

aerosol levels.

Current climate models exhibit a robust pattern of

rapid precipitation change due to quadrupling CO2. This

implies that the uncertainty in long-term predictions is

mainly associated with the response to SST-mediated

feedbacks. The most significant regional changes occur

in the tropics, mainly because of circulation adjustments

FIG. 6. HadGEM2-A sstClim4xCO2 changes in (a) atmospheric CRE (mmyr21), (b) total cloud fraction (%),

(c) net downward LW radiation at the surface (mmyr21), (d) net downward SW radiation at the surface (mmyr21),

(e) net upward LW radiation at the TOA (mmyr21), and (f) net upward SW radiation at the TOA (mmyr21). All

radiative changes are converted to precipitation units (mmyr21).
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associated with changes in vertical motions. Increased

land surface temperature drives enhanced moist con-

vection over central Africa, southern Asia, the Mari-

time Continent, and western South America. Over the

tropical oceans, there are significant reductions in pre-

cipitation due to a weakening of overturning circulation

and a general shift of convection to over land. In-

creased tropospheric temperature, due to LW absorp-

tion by CO2, above unchanged SST strongly inhibits

vertical motion.

Over midlatitude land regions, the change in tropo-

spheric cooling generally dominates the precipitation

FIG. 7. HadGEM2-A vertical profile adjustment in temperature T (K), equivalent potential temperature ue (K), relative humidity RH

(%), and specific humidity q (gKg21) for (a) the global mean, (b) land mean, (c) sea mean, (d) a region of increased precipitation over

Africa, (e) a region of decreased precipitation over Europe, (f) a region of decreased precipitation over the tropical Atlantic, and (g) a

region of decreased precipitation over northeastern South America. The specific locations of the regions are shown in Fig. 4a.
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response to CO2. Horizontal advection of dry static

energy counteracts energy imbalances due to changes

in vertical motions. This, combined with lower moisture

levels, prevents enhanced moist convection. Reduced

tropospheric cooling therefore leads to drying over

many midlatitude land regions.

In the future it would be useful to investigate the rapid

precipitation response to black carbon using a larger

forcing, as the rapid adjustment can be larger than the

feedback response (Andrews et al. 2010; Ming et al.

2010), and the forcing can vary depending on the height

at which it is situated (Ban-Weiss et al. 2012). In ad-

dition, given the short time scale of rapid precipitation

adjustments, higher-resolution convection-permitting

models could be utilized for analysis. Convection-

permitting models can improve simulations of con-

vective circulations (Sato et al. 2009; Oouchi et al.

2009) and could improve our understanding of long-

term climate change.
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APPENDIX

List of Models

The list of models participating in CMIP5 from which

the data were obtained is presented in Table A1.
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