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Influence of low-cloud radiative effects on tropical circulation
and precipitation
Solange Fermepin' and Sandrine Bony?

"Laboratoire de Météorologie Dynamique, IPSL, CNRS, Université Pierre et Marie Curie, Paris, France

Abstract Low-level clouds, which constitute the most prevalent cloud type over tropical oceans, exert a
radiative cooling within the planetary boundary layer. By using an atmospheric general circulation model,
we investigate the role that this cloud radiative cooling plays in the present-day climate. Low-cloud radia-
tive effects are found to increase the tropics-wide precipitation, to strengthen the winds at the surface of
the tropical oceans, and to amplify the atmospheric overturning circulation. An analysis of the water and
energy budgets of the atmosphere reveals that most of these effects arises from the strong coupling of
cloud-radiative cooling with turbulent fluxes at the ocean surface. The impact of cloud-radiative effects on
atmospheric dynamics and precipitation is shown to occur on very short time scales (a few days). Therefore,
short-term atmospheric forecasts constitute a valuable framework for evaluating the interactions between
cloud processes and atmospheric dynamics, and for assessing their dependence on model physics.

1. Introduction

It has long been recognized that clouds constitute important modulators of the Earth’s radiation budget at
the top of the atmosphere (TOA), and therefore that they play a key role in the control of the global-mean
surface temperature and climate sensitivity [e.g., Schneider, 1972]. For several decades now, the impact of
clouds on TOA radiation has been measured by satellites [Ramanathan et al., 1989; Loeb et al., 2009] using
the concept of Cloud Radiative Forcing (or Cloud Radiative Effects, CRE, defined as the difference between
all-sky and clear-sky radiative fluxes). These observations show that clouds reduce the TOA absorbed SW
radiation and reduce the outgoing LW radiation by several tens of W/m?. The advent of surface radiation
budget estimates now makes it possible to assess cloud-radiative effects also at the surface and within the
troposphere [Lecuyer et al., 2008; Su et al., 2010; Allan, 2011; Kato et al., 2011; Haynes et al., 2013]. These
measurements show that in the tropics, the atmospheric cloud radiative effects (ACRE, defined as the differ-
ence between TOA and surface CRE estimates) are positive in regions covered by deep convective clouds,
and negative in regions predominantly covered by low-level clouds. They also show that the ACRE (mostly
through its LW component) can affect the regional tropospheric energy budget by up to several tens of W/
m?. Such a strong modulation of the diabatic heating raises the question of the role that tropospheric
cloud-radiative effects play in the present-day climate.

Early studies using Atmospheric General Circulation Models (AGCMs) have shown that the ACRE exerts a
strong influence on convection, precipitation and the general atmospheric circulation [Slingo and Slingo,
1988; Randall et al., 1989; Sherwood et al., 1994]. In addition, simple models driven by observations suggest
that the radiative forcing exerted by clouds within the atmosphere, reinforces the tropical atmospheric cir-
culation by more than 20% [Bergman and Hendon, 2000a; Tian and Ramanathan, 2002].

Beyond the influences on the tropical-mean climate, more recent studies using GCMs [e.g., Lee et al., 2001;
Zurovac-Jevtic et al., 2006] or simple models [e.g., Raymond, 2001; Fuchs and Raymond, 2002; Bony and Ema-
nuel, 2005] have shown that the ACRE likely plays a key role as well in the large-scale organization and intra-
seasonal variability of the tropical atmosphere.

In those studies, the role of ACRE in the circulation was primarily related to the radiative heating effect of
deep convective clouds which dominates the tropical ACRE. In comparison, the role of the radiative cooling
exerted by low-level clouds within the planetary boundary layer (PBL) has received much less attention. Yet
PBL clouds constitute the predominant cloud type over tropical oceans [Norris, 1998], and it has been sug-
gested that their radiative effects might play a significant role in the tropical circulation [Bergman and Hen-
don, 2000a, 2000b; Peters and Bretherton, 2005]. Here we show that the radiative effects of low clouds
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actually exert a profound impact on the tropical climate. In particular, we show that the strong coupling
between the low-cloud ACRE and the surface turbulent fluxes enhances the precipitation and atmospheric
circulation over the tropical oceans.

The paper is organized as follows: section 2 describes the climate model used in this study, evaluates some
key aspects of its climatology, and presents the main numerical experiments performed to investigate the
role of ACRE in the tropical climate. Section 3 presents basic results and discusses their robustness. Section
4 analyses these results in more detail, using a set of model experiments run in different configurations: the
time scale of the atmospheric response to PBL ACRE, local versus remote effects, and the interpretation of
the impact of PBL ACRE on precipitation and circulation. The conclusions are presented in section 5.

2. Model and Experiments

2.1. The IPSL Model

We use the atmospheric component of the IPSL coupled ocean-atmosphere climate model IPSL-CM5A-LR
[Dufresne et al., 2013]. This AGCM is a grid point model using a horizontal grid resolution of 3.75° in longi-
tude and 1.875° in latitude, and 39 levels in the vertical. Its physical parameterizations are described in
Hourdin et al. [2006)].

Atmospheric simulations of the IPSL-CM5A-LR model forced by observed SSTs over the period 1979-2008
are very similar to those described in Hourdin et al. [2006]. In short, the model reproduces the main features
of the precipitation climatology inferred from the Global Precipitation Climatology Project (GPCP) [Adler

et al., 2003] but predicts excessive precipitation over most of the tropics (Figure 1). This overestimate is par-
ticularly noticeable in convective regions over the ocean (e.g., over the Indian and western Pacific warm
pool) and over land (e.g., over central Africa and Amazonia), and in the subsidence regions located at the
eastern side of the ocean basins. Such biases constitute long-standing biases of many other climate models
[e.g., Dai, 2006; Lin, 20071.

The radiative effects of clouds simulated by the model are compared with estimates from the Clouds and
Earth’s Radiant Energy Systems (CERES) Energy Balanced and Filled (EBAF) data set [Loeb et al., 2009] over
the period March 2000 to February 2009. As this study is focused on the radiative impact of PBL clouds, spe-
cial attention is devoted to the regions of tropical oceans associated with regimes of large-scale subsidence
which are predominantly covered by such clouds [Bony and Dufresne, 2005]. A Taylor diagram (Figure 2)
evaluates the SW and LW CRE at TOA, at the surface (SFC) and within the atmosphere (ATM), considering
standard deviations, spatial correlation patterns, and mean biases defined as ((model-observations)/obser-
vations)). For this purpose, observations are first interpolated onto the model’s grid and then for each
month, the oceanic regions of subsidence (5 hPa /d < @ < 40 hPa /d) associated with nonoverlapped
low-level clouds (mid-level and high-level cloud cover are less than 5%) are considered. The diagram shows
that the model represents fairly well the spatial distribution of cloud-radiative fields, with spatial correlation
between 0.6 and 0.7.

Within the atmosphere, however, the LW ACRE is overestimated (the cooling effect of PBL clouds on the
lower troposphere is too strong), the SW ACRE is underestimated (PBL clouds do not absorb enough SW
radiation), and the NET tropospheric cloud radiative cooling, which is dominated by the LW component, is
overestimated (it is nearly twice the observed value). ACRE estimates derived from satellite observations are
indirect and their accuracy might be hampered by the difficulty of estimating surface radiative fluxes [Kato
et al., 2013]. However, the comparison of the model CRE to the independently derived International Satellite
Cloud Climatology Project (ISCCP) Flux data set [Zhang et al., 2004] leads to similar conclusions (not shown),
suggesting that the model bias is accurate.

The comparison with CERES-EBAF of horizontal distributions of the climatological ACRE shows that the
model predicts a too negative ACRE at the eastern side of the ocean basins where PBL clouds prevail (Figure
2). Provided that this model underestimates the low-cloud fraction [Hourdin et al., 2006], the overestimate
of LW ACRE may be partly explained by an overestimated cloud water path and/or by the fact that the low-
cloud layers predicted by the model are too close to the surface (which, everything else being equal, enhan-
ces the LW tropospheric radiative cooling). This latter is a common bias among CMIP5 models [Nam et al.,
2012].
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Figure 1. Thirty year annual mean precipitation (a) GPCP climatology and (b) IPSL-CM5A-LR bias (model-observations).

Many climate models show deficiencies in the representation of PBL CRE [e.g., Zhang et al., 2005; Bender

et al., 2006; Nam et al., 2012; Klein et al., 2013]. This raises the question of the impacts that PBL CRE biases
might have on the simulation of the tropical climate. In this study, we use the IPSL model to address this
issue and to investigate the influence that PBL CRE exerts on the tropical climate.

2.2. COOKIE Experiments

To investigate the role that the radiative effects of low-level clouds play in the tropical climate, we perform
numerical experiments in which PBL clouds are made transparent to radiation (offpblamip simulations, also
referred to as COOKIE (Clouds On/Off Klimate Intercomparison Experiment) [Stevens et al., 2012].

The experiment is run for several configurations of the model: a classical AGCM configuration (referred to as
AMIP and following the CMIP5 protocol) [Taylor et al., 2012] in which the model is forced by observed SSTs
over the period 1979-2008, an atmospheric aquaplanet configuration following the experimental protocol
of the CMIP5 aquaControl experiment (that uses the so-called Qobs zonally uniform SST distribution), and a
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Figure 2. (left) Taylor diagram showing CRE biases compared to CERES-EBAF observations (2000-2009). For each month, oceanic regions of subsidence and nonoverlapped low-level
clouds (mid-level and high-level cloud cover less than 5%) are filtered and mean percent biases are computed as (model-observations)/observations. The different components of CRE
biases (1 for SW, 2 for LW, and 3 for Net) at TOA (black), SFC (red) and within the atmosphere (blue) are represented in the diagram. Spatial correlations are computed for each month of
the period. (right) Ten year annual mean Net ACRE: (a) CERES-EBAF climatology and (b) IPSL-CM5A-LR bias (model-observations).

configuration in which the model is used in a weather prediction mode (referred to as Transpose-AMIP)
[Williams et al., 2013].

When low clouds are made transparent to radiation, the SW heating rate becomes slightly less positive
while the LW radiative cooling associated with low clouds is reduced by several K/d. Switching off the radia-
tive effects of low clouds hence results in a warming of the tropical troposphere by 0.12 K on average, and
in a warming of the land surface that can reach up to 1.3 K in some places (not shown). This impact is pri-
marily due to the absence of the shading effect of clouds in the SW.

3. Impact of PBL CRE on the Tropical Climate

The impact of low-cloud radiative effects on climatological annual-mean distributions of precipitation, evap-
oration, large-scale vertical velocity in the midtroposphere (500 hPa), and surface wind is assessed in Figure
3: compared to the control AMIP experiment, in simulations where PBL clouds are made transparent to radi-
ation (offpblamip experiments) the model predicts significantly lower precipitation amounts over ocean in
the subsidence areas of the tropics and in the convective branches of the overturning atmospheric circula-
tion (regions with changes that are statistically significant at the 95% level are stippled). Over land, on the
contrary, the model predicts an enhanced precipitation in the main convective regions (e.g., over Amazonia,
central Africa, the maritime continent). As expected from the close relationship between precipitation and
large-scale rising motion in tropical areas, precipitation changes over the ITCZ, the warm pools and mon-
soon areas are associated with consistent changes in the large-scale vertical motion: rising motions are
weakened over ocean and strengthened over land. Following Bony et al. [2013], we use the monthly mean
vertical mean pressure vertical velocity as a proxy for large-scale vertical motions and we find that the oce-
anic tropical-mean upward and downward motions are reduced by 7.5 and 2%, respectively. These dynami-
cal changes are associated with significantly weaker winds at the surface of the oceans, especially over the
equatorial cold tongue and at the edges of the convective zones. In addition to these changes, the low-
level cloud cover is reduced by about half in the absence of cloud-radiative effects (Figure 4). It is consistent
with the identification by Brient and Bony [2012] of a positive feedback (referred to as f§ feedback) between
ACRE, low-level relative humidity and cloud cover in this model.
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Figure 3. Annual mean IPSL-CM5A-LR changes (offpblamip-AMIP difference averaged over 30 years) in tropical precipitation and circulation: (left) Control and (right) difference of tropical
precipitation, evaporation, 500 hPa vertical velocity (»500), and 10 m wind. Changes that are significant at the 95% level are stippled.

An updated version of the IPSL model [Hourdin et al., 2013] that predicts a more realistic low-cloud fraction
but an even stronger ACRE produces similar patterns of changes as in Figure 3 but stronger in magnitude
(not shown). Furthermore, aquaplanet experiments (in which the Earth’s surface is assumed to be covered
only by water) from both versions of the model, predict an overall decrease of precipitation in the tropics, a
weakening of the overturning circulation (both upward and downward large-scale motions are reduced)
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Figure 4. Cloud fraction in subsidence regions covered by nonoverlapped
low clouds (30 year annual mean): solid black line corresponds to the control
(AMIP) simulation and dashed blue line corresponds to the simulations with
no PBL ACRE (offpblamip).

and a weakening of surface winds (Figure
5) of roughly the same order of magni-
tude as the zonal-mean changes obtained
in the AMIP configuration in equinoctial
conditions (not shown). It shows therefore
that circulation and precipitation changes
over the ocean are robust and primarily
driven by the effect of the PBL ACRE
removal on the tropospheric radiative
cooling and not by the land-surface tem-
perature changes induced by the absence
of surface cooling by the shading of
clouds.

To investigate this further, we run an
AMIP experiment in which clouds are
made transparent to radiation only in the
LW part of the electromagnetic spectrum.
In that way, we assess the impact of
removing the atmospheric CRE while
retaining most of the surface CRE (this lat-
ter is slightly reduced owing to the
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Figure 5. Aquaplanet annual mean changes (offpblaqua-aquaControl difference averaged over 3 years) in tropical precipitation and circulation predicted by the (left) IPSL-CM5A-LR and
(right) IPSL-CM5B-LR models: solid lines correspond to the control aquaplanet simulation and dashed lines correspond to offpblaqua simulations. (top) Zonal mean precipitation (black)
and evaporation (blue). (middle) Zonal means of 500 hPa vertical velocity, »500. (bottom) The zonal means of 10 m wind.
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Figure 6. IPSL-CM5A-LR tropical annual mean changes (offL Wpblamip-AMIP averaged over 30 years) when only LW PBL CRE is switched off: (a) precipitation, (b) evaporation, (c) 500 hPa
vertical velocity (©500), and (d) 10 m wind. Changes that are significant at the 95% level are stippled.

decrease of the low-cloud cover through the atmospheric f§ feedback). Figure 6 shows that the response
over land remains qualitatively similar to that found in Figure 3, but quantitatively weaker. Over land, the
radiative effects of low clouds affect precipitation both through its impact on the atmospheric radiative
cooling and through its impact on surface temperatures, the latter amplifying the atmospheric response to
the former. The relative role of both effects appears to be region dependent.

4. Further Analysis and Interpretation of the Impact of PBL CRE on Climate

4.1. Time Scale of the Climate Response

To investigate the time scale of the atmospheric response to PBL ACRE, we run the IPSL-CM5A-LR model in
Numerical Weather Prediction (NWP) mode, an approach known as Transpose-AMIP (T-AMIP hereafter). In
this approach, the climate model is initialized from a well defined state and then run only for a few days
[Phillips et al., 2004]. This allows for the study of the fast response of climate and it has been successfully
used for studying the time scales involved in the climate response to a 4 X CO, radiative perturbation
[Kamae and Watanabe, 2012; Bony et al., 2013].

Here we perform short-term simulations with and without radiative effects of low clouds (control and offpb/
T-AMIP experiments). The control simulations are similar to those used in Williams et al. [2013] and Ma et al.
[2013]. The model is initialized at 00Z for each day of April 2009 using meteorological analyses derived from
the European Centre for Medium-Range Weather Forecasts (ECMWF) Year of Tropical Convection (YOTC)
data set as initial conditions. The model is then run for 10 days, and the monthly mean value of model out-
puts is computed at fixed forecast times (e.g., 5 days or 10 days). The comparison with the long-term
response is done for the month of April.

The response of the tropical precipitation and circulation to the PBL ACRE removal emerges quickly: after 3-
5 days, the zonal-mean responses of precipitation and circulation become comparable to those predicted
over 30 years in offpblamip experiments (Figure 7). After 10 days, the spatial pattern and the magnitude of
the changes become roughly similar (although a bit weaker) to those predicted on average over several
decades: precipitation is reduced over most of the tropical oceans, both in convective and subsidence areas,
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Figure 7. Tropical oceans zonal mean in AMIP (April mean) runs and day-5 T-AMIP (April 2009) runs: (top) precipitation and evaporation are in mm/d; (middle) 500 hPa vertical velocity is
in hPa/d; and (bottom) 10 m wind is in m/s. Solid lines correspond to control experiments while dashed lines correspond to offpbl experiments.

and it is enhanced in the convective regions over land (Figure 8). The response of the atmosphere to the
total removal of PBL CRE thus occurs within 5 to 10 days.

The significant impact of PBL ACRE on tropical circulation and precipitation implies that model shortcom-

ings in the representation of PBL ACRE is likely to lead to systematic biases in the simulation of the tropical
climate. Given the fast time scale of the ACRE-precipitation coupling, we use short-term atmospheric fore-
casts to investigate this issue.

We perform several sensitivity experiments in which the ACRE of low-level clouds is perturbed either by

changing the cloud optical properties (e.g., the effective radius of liquid clouds or the assumed inhomogene-
ity of cloud condensate within clouds) or the low-level subgrid-scale variability of water assumed in the statis-
tical cloud scheme (see Table 3 for a description of these experiments). Figure 9 shows that the overestimate
of precipitation over regions of low clouds is partly related to the overestimate of the ACRE cooling: in the
absence of ACRE bias, the precipitation bias would be reduced by about 30%. However, it also shows that
low-cloud radiative cooling is not the only source of error in the simulation of precipitation over those areas.

The similarities between the fast and longer term responses allow us to use either the AMIP or the T-AMIP
framework (which is computationally cheaper), to explore further the mechanisms through which the PBL
ACRE affects the tropical climate.

4.2, Local Versus Remote Influences

Although low-level clouds occur predominantly in the subsidence regions of tropical oceans, the COOKIE
experiments show that the PBL CRE affects the precipitation even in convective areas, both over land and
ocean (Figure 3), suggesting some remote influence.
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Figure 8. (left) IPSL-CM5A-LR AMIP April mean and (right) T-AMIP day-10 forecasts mean changes (offpbl-control) in tropical precipitation, evaporation, 500hPa vertical velocity (»500),
and surface wind.

A 10 year AMIP experiment in which PBL CRE is switched off only over ocean (offOcepblamip experiment)
leads to circulation and precipitation changes over land which are qualitatively similar but much weaker
than those found in offpblamip experiments (not shown). This suggests that the atmospheric response to
PBL CRE over land is mostly a response to local clouds, although remote effects appear to amplify the local
response.

To investigate this further, we run two T-AMIP experiments in which PBL CRE is switched off only over ocean
and only over the subtropical oceans (offOcepbl and offSubOcepbl T-AMIP experiments). While both
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Peruvian experiments show that the precipitation
response over subtropical oceans is similar
to that found in offpblamip experiment,

'EQ — 5 the offSubOcepbl experiment shows no
*AMIP R"=0.94 precipitation response in convective
— o | regimes (Figure 10). The precipitation
g N response in convective areas of tropical
= ® ReMin ® oceans found in Figure 3 thus appears to
o w0 ReMax be primarily driven locally by the low-
ZI, CldInh cloud radiative effects that form in convec-
i%s o | © ratqsmin tive regions.
: L?:SEP ax 4.3. Interpretation of Precipitation
o Y Changes
I - Cltrl I I I I I PBL CRE thus exerts a widespread effect on
tropical precipitation and circulation, both
-15 -10 ._5 0 5 5 10 15 in convective and subsidence areas, over
Bias ACRE [W/m"] ocean and over land. The above analysis

. N o _ suggests that these changes are primarily
Figure 9. Relationship between the precipitation bias and the ACRE bias of

the IPSL-CM5A-LR GCM in a series of T-AMIP sensitivity tests described in Table ~ dfiven locally. To interpret this local
3 and the control experiment, over the Peruvian region (95 W:75 W, 15 5:27 S) response, we analyze the monthly verti-
of Iow—IeveI.cIouds (other reglons of |OYV clouds show similar results). The bias caIIy integrated atmospheric budgets of
corresponding to the AMIP simulation is reported as a black star marker. K
water and energy at the regional scale. The

energetic approach was successfully used
for studying regional changes in precipitation and atmospheric circulation under climate change [e.g., Chou
et al., 2009; Muller and O'Gorman, 2011].

In steady state, the conservation of water within each model gridbox can be expressed as:

P PR B
P=E {w(?p] [V -Vq] (M

where P is the surface precipitation, E the surface evaporation, V the surface wind, w the large-scale pres-
sure vertical velocity, g the specific humidity, and the brackets stand for vertical integration. Similarly, the
conservation of moist static energy (MSE) can be written as:

LH+ SH+ACRE+R, — {wg—ﬂ ~[V - Vh]=0, 2)

where LH and SH are surface turbulent fluxes of latent and sensible heat, R, is the vertically integrated clear-
sky radiative heating rate, and h is the MSE defined as h=C,T+®+L,q (C, is the specific heat of dry air at con-
stant pressure, T is the temperature, @ is the geopotential, and L, is the specific latent heat of vaporization).
Following Bony et al. [2013], we express the vertical pressure velocity as: 0=Q+(w—Q), where Q= ¢(p), @
is the vertical mean pressure vertical velocity, and ¢ (p) is a specified vertical structure such that [ ¢(p) %” =1
[see Bony et al., 2013, for more details]. Then, the perturbed water and MSE budgets can be written as:

AP:FchD +AE+&)AFq +A(V3+Hq)
AP=Aden +APher

and

A(LH+SH)  +ARy+AACRE+ThA®
+a ATy +A(Vﬁ+Hh) =0
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Ocean tropical zonal mean Precipitation and Evaporation
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Figure 10. T-AMIP day-5 forecasts zonal mean precipitation and evaporation for: (a) offpbl; (b) offOcepbl; and (c) offSubOcepbl runs. (d and e) The zonal mean precipitation and evapora-
tion for offpbl and offOcepbl AMIP runs (April mean).

where I'y=—|¢(p) g—;} (with x =g or h), V*=— [(U)—Q) g—;]  Hy=— [7 . ?x], APy =T4A®, and
APiper=AP— Ade,,.

For different model configurations and experiments (Table 1), the different terms of these equations are
computed within each region of the tropics, considering changes (A) associated with PBL CRE removal. In
marine subsidence areas, (5hPa /d < @ < 40hPa /d), the removal of PBL cloud-radiative cooling effects is
associated with an increase of the atmospheric MSE (AACRE > 0) which is primarily balanced by a reduc-
tion of surface turbulent fluxes (A(LH+SH) < 0), especially of the surface latent heat flux. Table 1 shows
that it is surface evaporation changes that dominate AP in these areas: in AMIP experiments, more than
90% of AP changes are explained by AE, and the spatial correlation coefficient between AP and AE in these

Table 1. Mean Changes in MSE and Water Budgets Over Tropical Subsidence Ocean Areas for Different Experiments: offpblamip, off-
LWpblamip, offOcepblamip, T-AMIP offpbl (Day 5 Mean Forecast), and offpblaqua (A = Off-Control)

MSE Budget (Wm™?) AP (mm/d)
Experiment A(LH+SH) ARy AACRE AMSE Adv. AP AE A(P-E)
offpblamip —12.65 —244 13.89 1.46 —0.325 —0.321 0.002
offLWpblamip —13.94 —247 15.98 0.59 —0.337 —0.363 0.029
offOcepblamip —-11.21 —2.02 1434 —1.05 —0.304 -0.279 0.023
T-AMIP offpbl d5 —8.68 -1.69 12.04 —1.66 —0.203 —0.213 0.011
offpblaqua -11.59 —0.48 10.84 1.31 —0.193 -0.333 0.140
FERMEPIN AND BONY ©2014. The Authors. 523
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Table 2. Mean Changes of Precipitation and Upward Vertical Mean Vertical Velocity (@', in hPa/d) Over Tropical Convective Ocean
Areas for Different Experiments: offpblamip, offLWpblamip, offOcepblamip, T-AMIP offpbl (Day 5 Mean Forecast), and offpblaqua
(A = Off-Control)

AP (mm/d) A®'(hPa /d)
Experiment AP APy, APiher Ao! - 4A(LH+er+R> - A(Vh:':Hh) - &)ArAhrh
offpblamip —0.38 =035} —0.04 1.88 434 —3.08 0.08
offLWpblamip —0.30 —0.20 —0.08 1.17 3.79 —3.19 0.04
offOcepblamip —0.20 —0.15 —0.04 0.91 3.04 —2.69 0.01
T-AMIP offpbl d5 —0.26 —0.22 —0.04 1.23 2.05 —1.18 0.08
offpblaqua —045 —0.34 —0.11 1.98 2.09 —1.84 1.48

areas is 0.88. In convective areas over tropical oceans, AP is rather dominated by changes in the large-scale
vertical motion (in the AMIP configuration, APy, accounts for 86% of AP). Equation (4) can be rewritten as:

Ao =— ri (A(LH+SH)+A(Ry+ACRE))
h
_ Al

1
—— AV} +Hp) — ==
T, (Vi +Hn) th

which shows that changes in @ can be driven by changes in the net heat flux input into the atmospheric
column (which reads A(LH-+SH+Ro+ACRE+V}:+Hy)) and/or by changes in the vertical thermodynamic
stratification of the atmosphere (AI},). Table 2 suggests than in convective areas, changes in @ (referred to
as ') are dominated by changes in the net heat flux input (changes in stratification play a lesser role),
which are dominated by changes in surface fluxes, especially ALH (not shown). The change in large-scale ris-
ing motions over ocean is thus primarily explained by the change in evaporation at the ocean surface.
Changes in horizontal MSE advection (AH,) counteract part of the effect.

In both convective and subsidence areas of the tropical ocean, the strong coupling between the PBL ACRE
and surface turbulent fluxes thus appears to be the primary contributor to precipitation changes, albeit
through different mechanisms in subsidence and convective areas.

5. Conclusions

The radiative effects of tropical low clouds have long been shown to be critical for cloud feedbacks and cli-
mate sensitivity [e.g., Bony and Dufresne, 2005; Webb et al., 2006; Yokohata et al., 2010; Brient and Bony,
2012]. What this study shows is that they also influence the tropics-wide circulation and precipitation in the
present-day climate. The interaction between the low-cloud radiative effects and surface turbulent fluxes
are pointed out as playing a key role in this influence.

By comparing atmospheric experiments in which PBL clouds are made either radiatively active or transpar-

ent to radiation, we show that the atmospheric radiative cooling exerted by PBL clouds amplifies the low-

level cloud coverage through a positive feedback between radiation, temperature and relative humidity. It
also increases the precipitation over tropical
oceans, the strength of surface winds and of the

Table 3. Table of T-AMIP Sensitivity Tests From Figure 10, Includ- atmospheric overturning circulation. These
ing the Perturbed Parameters and Their Control Values® effects appear to be all related to the strengthen-
Experiment.  Parameter,  Control [Heii=e ing of surface turbulent fluxes by low-cloud radia-
ReMin Re (1um) 12 6 tive effects: in regions of subsidence, the increase
ReMax Re (um) 12 18 £ . .
rf. vaporation by PBL CRE direct!

Cldinh y 1 0.7 pressure >700 hPa O surtace € apo at'o by X _C d ectly
ratsgsmin ratgs 0.005 0.0005 increases precipitation, while in regions of con-
ratsgsmax ratqs 0.005 0.05 vection it increases precipitation indirectly by

2Re is the effective radius of warm cloud droplets; y is the enhancing the diabatic forcing of the atmos-
homogeneity factor that accounts for the inhomogeneity of pheric column and hence by strengthening the

cloud condensate within clouds; and ratgs is a parameter that
accounts for the subgrid-scale variability of total water within the
gridbox in the statistical cloud scheme [Hourdin et al., 2006]. convergence.

large-scale rising motions and water
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Therefore, while it is widely appreciated that surface turbulent fluxes play a key role in the development of
boundary layer clouds [e.g., Stevens, 2007] and then in atmospheric radiation, our results show that in turn
the modulation of surface fluxes by PBL cloud-radiative effects has also to be considered to understand the
role of PBL clouds in climate. This modulation is explained by the fact that a stronger radiative cooling in
the lower troposphere reduces the near-surface temperature, which reduces the near-surface humidity
(through the Clausius-Clapeyron relationship), thus enhancing the surface turbulent fluxes.

The radiative effects of low clouds act to decrease precipitation over land, partly through the local reduction
of incoming SW radiation and the subsequent cooling of the land surface, and partly through remote
dynamical effects forced by marine low clouds. However, both over land and ocean the effects of PBL ACRE
on circulation and precipitation are found to be mainly local.

These results appear to be robust for the IPSL GCM, whatever the physical parameterizations used or the
model configuration considered. The future analysis of COOKIE simulations performed by other AGCMs will
allow us to investigate the dependence of these results on structural differences amongst models.

By using short-term atmospheric forecasts, we show that the interaction between PBL ACRE and the tropical
atmosphere operates on very short time scales (a few days). Therefore, the Transpose-AMIP approach con-
stitutes a good framework to investigate the coupling between cloud-radiative processes, surface fluxes,
atmospheric dynamics, and the large-scale climate. Our results also suggest that over regions associated
with a shallow ocean mixed layer, low clouds have the potential to affect the SST on fast time scales both
through their impact on surface radiative fluxes and through their impact on surface winds. This suggestion
will have to be tested using a coupled model, however.

A final concluding remark relates to the potential of short-term initialized simulations for understanding
model biases. Short-range forecasts are now well recognized as being useful to investigate model climato-
logical biases that are associated with fast processes [Boyle et al., 2005; Klein et al., 2006; Williamson and
Olson, 2007; Hannay et al., 2008; Williams et al., 2013; Ma et al., 2013]. It is often justified by the fact that the
large-scale circulation is strongly controlled by the initial conditions and that it stays close to the observed
state [e.g., Hannay et al., 2008]. However, our study emphasizes that cloud physical processes do interact
with the large-scale dynamics on time scales as short as a few days. By facilitating the investigation of inter-
actions between physics and dynamics in climate models, as well as the evaluation of simulations against
observational data, we argue that the primary value of the Transpose-AMIP framework is that it allows us to
reveal and understand model shortcomings not only in the physical parameterizations, but also in the inter-
action of parameterizations with atmospheric dynamics and the large-scale climate.
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