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Abstract In this work, we examine the sensitivity of

tropical mean climate and seasonal cycle to low clouds and

cloud liquid water path (CLWP) by prescribing them in the

NCEP climate forecast system (CFS). It is found that the

change of low cloud cover alone has a minor influence on

the amount of net shortwave radiation reaching the surface

and on the warm biases in the southeastern Atlantic. In

experiments where CLWP is prescribed using observa-

tions, the mean climate in the tropics is improved signifi-

cantly, implying that shortwave radiation absorption by

CLWP is mainly responsible for reducing the excessive

surface net shortwave radiation over the southern oceans in

the CFS. Corresponding to large CLWP values in the

southeastern oceans, the model generates large low cloud

amounts. That results in a reduction of net shortwave

radiation at the ocean surface and the warm biases in the

sea surface temperature in the southeastern oceans.

Meanwhile, the cold tongue and associated surface wind

stress in the eastern oceans become stronger and more

realistic. As a consequence of the overall improvement of

the tropical mean climate, the seasonal cycle in the tropical

Atlantic is also improved. Based on the results from these

sensitivity experiments, we propose a model bias correc-

tion approach, in which CLWP is prescribed only in the

southeastern Atlantic by using observed annual mean cli-

matology of CLWP. It is shown that the warm biases in the

southeastern Atlantic are largely eliminated, and the sea-

sonal cycle in the tropical Atlantic Ocean is significantly

improved. Prescribing CLWP in the CFS is then an

effective interim technique to reduce model biases and to

improve the simulation of seasonal cycle in the tropics.
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1 Introduction

Stratocumulus cloud decks in the southeastern Pacific and

Atlantic Oceans have been documented by Klein and

Hartmann (1993), Norris (1998), and Xie (2005). Clima-

tologically, the daytime frequency of the existence of

stratocumulus clouds reaches 30–70% in the southeastern

tropical Pacific and Atlantic (Klein and Hartmann 1993;

Norris 1998). The formation of the stratocumulus clouds is

closely tied to the vertical thermal structure of the lower

stratosphere. Cold ocean surface and a very stable lower

troposphere, usually with temperature inversion, co-exist

with a thin layer of stratocumulus clouds at the base of an

inversion layer over a relatively shallow marine boundary

layer (MBL) (Klein and Hartmann 1993; Tanimoto and Xie

2002; Wood and Bretherton 2006). The existence of these
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stratocumulus clouds substantially reduces the downward

shortwave radiation reaching the sea surface and cools the

ocean surface, which reinforces the inversion stratification

(Siebesma et al. 2004; Huang and Hu 2007). Recently,

Clement et al. (2009) suggested that the positive feedback

between low-level cloud and ocean surface temperature/

atmospheric circulation in the northeast Pacific may play

an important role in the local variability on decadal time

scales. The occurrence and evolution of the stratocumulus

clouds involve complicated dynamic and thermodynamic

processes and feedbacks (Mitchell and Wallace 1992;

Philander et al. 1996; Nigam 1997; Xie et al. 2007; Huang

and Hu 2007). It is still a challenge to correctly simulate

the occurrence and evolution of these stratocumulus clouds

and their climate effects in state-of-the-art general circu-

lation models (GCMs).

Underestimation of the amount of stratocumulus clouds

over the tropical oceans is a common defect of contempo-

rary coupled climate models (Huang et al. 2007; Hu et al.

2008a). Moreover, the underestimation of the amount of

stratocumulus clouds seems to be tied to pronounced warm

biases in the tropical eastern oceans (e.g., Neelin et al. 1992;

Mechoso et al. 1995; Davey et al. 2002; Huang et al. 2007;

Collins et al. 2006; Deser et al. 2006; Huang et al. 2007;

Hu et al. 2008a). For example, warm biases can reach

4–5�C in the southeastern tropical Pacific and Atlantic in

versions 2 and 3 of the Community Climate System Model

(CCSM2 and CCSM3) (see Fig. 5 of Collins et al. 2006).

Hu and Huang (2007) and Hu et al. (2008a) found that these

biases can reduce climate prediction skill and may alter the

southern subtropical variability modes in the tropical

Atlantic. Thus, it is necessary to examine the impact of

stratocumulus clouds on model systematic errors in order to

reduce model biases and to enhance their ability in simu-

lating and predicting climate variability and change.

Actually, efforts have been made to examine the role of

stratocumulus clouds in the sea surface temperature (SST)

in the tropical Pacific in coupled general circulation models

(CGCMs). For example, Philander et al. (1996) suggested

that low-level stratus clouds over cold water are crucial in

the maintenance of tropical climate asymmetries and that

there is a strong feedback between stratus clouds, SST, and

lower atmosphere stability. They used the temperature

difference between the sea surface and 850 hPa to

parameterize the formation of low-level stratus clouds and

found that introducing this stratocumulus parameterization

into a GCM caused significant cooling in the tropical

Pacific, especially in the southeastern Pacific. Ma et al.

(1996) conducted two 2.5 year integrations using a CGCM:

a control simulation in which the simulated amount of

Peruvian stratocumulus clouds was unrealistically low, and

an experiment in which constant overcast conditions

(100%) were prescribed to persistently cover the ocean off

the Peruvian coast (10�S–30�S, 90�W to the South Amer-

ican coast). It was found that, beneath the prescribed cloud

deck, SSTs were reduced by up to 5�K, as expected from

decreased solar radiation reaching the surface. Later, Yu

and Mechoso (1999) extended the work of Ma et al. (1996)

by prescribing the regionally persistently idealized strato-

cumulus clouds in different seasons and by extending the

integrations to 5 years with a modified version of the GCM

of Ma et al. (1996). Compared with the corresponding

control run without cloud modification, it was suggested

that the idealized annual variations of Peruvian stratocu-

mulus clouds contributed to a more realistic intensity,

duration, and westward propagation of the seasonal

development of the equatorial cold tongue.

Late, Gordon et al. (2000) conducted a set of 23-year

integrations prescribing observation-based monthly clima-

tologies of low clouds over open ocean in the Geophysical

Fluid Dynamics Laboratory (GFDL) GCM. To isolate the

impact of low clouds, fixed optical depths were specified in

all (sensitivity and control) experiments. They found sig-

nificant improvement in the simulated mean annual and

seasonal climate of the tropical Pacific and a clear impact

on the interannual variability through complex dynamic

and thermodynamic processes. Gudgel et al. (2001)

extended the work of Gordon et al. (2000) by employing an

improved version of the GFDL CGCM and by conducting a

set of 1 year forecasts of 1984–1993 with ten ensemble

members in each forecast. In these forecast experiments,

both the low cloud fraction and optical depth were replaced

by observation-based interannually varying data over the

global ocean only, or over the global ocean plus observa-

tion-based monthly climatologies over global or eastern/

western hemisphere tropical land (15�S–15�N). It was

demonstrated that the seasonal distribution of low-level

clouds over both ocean and land influences the strength and

position of the Walker circulation, and also affects the

strength and phase of the El Niño-Southern Oscillation

(ENSO). It was also suggested that a corrected distribution

of low clouds in the model enhances the skill of predicting

ENSO (Gudgel et al. 2001).

This study is complementary to our recent work in

diagnosing the biases and prediction skill, as well as the

most predictable patterns, of the climate forecast system

(CFS) of the National Centers for Environmental Predic-

tion (NCEP) in the tropical Atlantic (Huang and Hu 2007;

Huang et al. 2007; Hu and Huang 2007; Hu et al. 2008a, b).

Huang et al. (2007) and Hu et al. (2008a) found that the

amplitude of warm SST biases in the southeastern Atlantic

are comparable to those in the southeastern Pacific. These

biases are associated with low hindcast skill and unrealistic

simulation of the southern subtropical mode of variability

in the southeastern Atlantic (Hu and Huang 2007; Hu et al.

2008b). Cloud–radiation–SST interaction processes play an
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important role in model bias evolution as well as in

anomalous climate events in the southeastern Atlantic

(Huang et al. 2007; Huang and Hu 2007; Hu et al. 2008a).

In this work, using the CFS, we examine the sensitivity of

the tropical mean climate and seasonal cycle not only to the

change of low cloud cover, but also to the change of cloud

liquid water path (CLWP). Through these experiments, a

scheme of model bias correction is proposed and its effi-

ciency is tested. Another difference of this work compared

with previous studies is that we focus on the tropical

Atlantic Ocean. We believe that the cloud radiation effects

may be equal or even more important in the Atlantic than

those in the Pacific because the low clouds in the southeast

cover a larger fraction of the total Atlantic basin than the

Pacific (Norris 1998). The paper is organized as follows.

Observation-based data, the model, and the experimental

design are described in Sect. 2. The impacts of low cloud

and CLWP modifications on tropical mean climate and

seasonal cycle are examined in Sect. 3. Section 4 provides

conclusions and discussion.

2 Observation-based data, model, and experimental

design

2.1 Observation-based data

Observation-based monthly cloud coverage data used in

this work were produced by the International Satellite

Cloud Climatology Project (ISCCP). The datasets of global

distribution of clouds and their properties were created by

using a series of satellite radiance measurements (Rossow

and Dueñas 2004). The low-, middle-, and high-level

clouds are categorized as below 680 hPa, between 680 and

440 hPa, and above 440 hPa, respectively. The corre-

sponding monthly net shortwave radiative fluxes at the

surface were derived by using a complete radiative transfer

model with input from surface and atmospheric observa-

tions and ISCCP cloud properties (Zhang et al. 2004). Both

the cloud and radiation data are on a 2.5� 9 2.5� grid and

span from July 1983 to December 2004.

Besides traditional cloud cover, CLWP is also an

important factor affecting the radiation budget at the sur-

face. CLWP plays a role similar to cloud cover in affecting

atmospheric dynamics primarily through latent heating and

modulation of both shortwave and longwave radiative

transfer. Spaceborne measurements of cloud liquid water

are best determined by microwave instruments, which

directly respond to the thermal emission of cloud droplets

(Weng et al. 1997). Because the low-frequency microwave

channels fully penetrate virtually all clouds, they can pro-

vide a direct measurement of the total liquid (but not solid)

cloud condensate amount (O’Dell et al. 2008). In this work,

the CLWP data on a 1� 9 1� grid, termed the University of

Wisconsin (UWisc) climatology (O’Dell et al. 2008), are

used. The data were derived from satellite-based passive

microwave observations over the global oceans and based

on a modern retrieval methodology applied consistently to

the Special Sensor Microwave Imager, the Tropical Rain-

fall Measuring Mission Microwave Imager, and the

Advanced Microwave Scanning Radiometer for Earth

Observing System microwave sensors on eight different

satellite platforms in January 1988–December 2007. It was

noted that this climatology exhibits differences with pre-

vious observationally based climatologies and is found to

be more consistent with the 40-year ECMWF reanalysis

(Uppala et al. 2005) than the previous climatologies.

For comparison and validation, we use additional

observation based data, such as the monthly mean data

derived from the January 1948–December 2005 NCEP/

NCAR re-analysis (Kalnay et al. 1996) and from the

January 1950–December 2005 version 2 of the extended

reconstruction of the SST analysis (ER-v2) on a 2� 9 2�
grid (Smith and Reynolds 2003). We also adopt the

analyzed net surface heat flux data in January 1945–

December 1993 from the Comprehensive Ocean-Atmo-

sphere Data Set (COADS) on a 1� 9 1� grid (Woodruff

et al. 1987; da Silva et al. 1994). The COADS data are a

collection of global marine surface observations taken

primarily from ships and moored and drifting buoys.

Analyzed precipitation data used in this study are on a

2.5� 9 2.5� resolution grid in January 1979–December

2008, and are a combination of satellite retrievals, in situ

rain gauge stations, and atmospheric model products (Xie

and Arkin 1996, 1997). For convenience, all these

observation based data are referred to as observations in

this work.

2.2 Coupled model: NCEP CFS

The ocean–atmosphere CGCM used in this work is the

NCEP CFS (Wang et al. 2005; Saha et al. 2006), which was

developed at NCEP and used at NCEP for operational

seasonal climate predictions. For the atmospheric compo-

nent, the horizontal resolution is T62 and there are total 64

vertical sigma levels with about 20 sigma levels below

650 hPa. The oceanic component is configured from the

version 3 of the Modular Ocean Model of GFDL (Paca-

nowski and Griffies 1998). There are 40 levels vertically,

with 27 in the upper 400 meters for the ocean model. The

domain of the ocean model is from 74�S to 64�N with a

horizontal grid of 1� 9 1� poleward of 30�S and 30�N, and

with gradually increased meridional resolution to 1/3�
between 10�S and 10�N. The atmospheric and oceanic

components are coupled by exchanging surface fluxes on a

daily interval without flux adjustment.
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Since we are specifically concerned with clouds in this

study, the cloudiness and boundary layer (BL) parameteri-

zation schemes used in the CFS are briefly reviewed here.

The cloudiness parameterization is based on the semi-

empirical stratiform cloudiness parameterization of Xu and

Randall (1996). In this scheme, the primary predictor is the

large-scale condensate (cloud water and cloud ice) mixing,

and the large-scale relative humidity and cumulus mass

flux are the secondary predictors. The cloud amount varies

exponentially with the large-scale average condensate

mixing ratio, and is also a function of large-scale relative

humidity and the intensity of convection circulations (Xu

and Randall 1996). In addition, the cloud condensate is a

prognostic quantity found from a simple cloud micro-

physics parameterization and diagnostically determines the

fractional cloud cover used for radiation calculations (Hou

et al. 2002; Saha et al. 2006). Another important factor for

the forming of low clouds is the formation of a MBL. The

CFS adopts the nonlocal BL vertical diffusion scheme

(Hong and Pan 1996). In this scheme, the turbulent diffu-

sivity coefficients are calculated from a prescribed profile

shape as a function of BL heights and scale parameters

derived from similarity requirements (Hong and Pan 1996).

In the model output, besides the 3-dimensional clouds,

clouds are also divided into four categories according to

vertical extent: high, middle, low, and BLs, without con-

sidering overlapping. The BL clouds are defined as the

clouds located within the lowest 10% of the total atmo-

sphere mass. The other three layers are divided vertically

between pressure levels. Over the regions between the

equator and 45�, low clouds are referred to those above the

BL cloud layer but below 650 hPa, middle clouds are

between 350 and 650 hPa, and high clouds are above

350 hPa. Over the regions poleward of 45�, a linear change

is used in these boundaries to simulate the ‘squeezing’ of

the troposphere with the lowering of the tropopause. At the

poles, the boundary decreases to 550 hPa between high and

middle clouds and 750 hPa between middle and low clouds

(Hu et al. 2008a).

It is clear that the low clouds in the CFS are not exactly

the same as that in ISCCP. The former refers to the clouds

above the BL but below 650 hPa, while the later simply to

those below 680 hPa. However, the sum of low clouds and

BL clouds from the CFS output, redefined as the CFS low

clouds, may overestimate the actual low clouds in the CFS

due to double counting of the overlapping part of low and

BL clouds. But, Hu et al. (2008a) pointed out that the

redefined low clouds in the CFS did not change the fact that

the low clouds were underestimated in the tropical oceans

compared with ISCCP. Furthermore, in ISCCP, only low-

level clouds not being covered by higher clouds are

counted. Therefore, given the same cloud distribution, low-

level cloud fraction should be greater in the CFS definition

than in ISCCP. The difference in the cloud definitions only

reduces the amplitudes of the low cloud underestimation

over the tropical oceans in the CFS, and thus does not

change the conclusion that the CFS low cloud amount is

persistently low compared with that in ISCCP as pointed

out by Hu et al. (2008a).

The solar radiative transfer model used in the CFS

includes parameterizations of absorptions by various gases,

clouds, and aerosols, as well as scattering by clouds,

aerosols, and gas molecules (Hou et al. 2002). In cloud

related radiation calculation, water vapor amount and

CLWP are the two major factors used in absorption and

cloud optical depth computation, respectively.

2.3 Experimental design

To investigate the impact of prescribed low-level cloud

cover and CLWP on tropical climate in the CFS, a set of

coupled integrations were conducted (see Table 1). First,

the model was integrated for 101 years with the initial

conditions (IC) from ocean–atmosphere analysis for Janu-

ary 1, 1985. In this experiment, we used the same version

of the CFS as Wang et al. (2005) and Saha et al. (2006),

which is referred to as CONTROL. By analyzing a similar

experiment, it has been demonstrated that the CFS repro-

duces most features of the leading modes of variability in

the tropical Atlantic and their associated physical processes

well (Hu et al. 2008b), although the SST was overestimated

and the low clouds were underestimated in the southeastern

Atlantic Ocean (Hu et al. 2008a).

In order to prescribe the vertical structure of low clouds,

we first examined the 3-dimensional cloud data of the CFS.

It was found that, for the global zonal average in the tropics

(30�S–30�N), the majority of the low cloud in the CFS

occurs in a layer between 650 and 750 hPa (bottom panel

of Fig. 4 of Hu et al. 2009). These clouds, however, are

located in a layer higher than the observed low clouds,

because the averaged top pressure of the low clouds in

ISCCP is in a range of 750–870 hPa (top panel of Fig. 4 of

Hu et al. 2009). Furthermore, the top of the low clouds is

generally higher over land than over oceans in ISCCP. On

average, the top of the observed low clouds is below

810 hPa over oceans, and below 750 hPa over land. This

result confirmed the speculation of Hu et al. (2008a) that

low clouds are generated in a higher layer in the CFS than

in the real world. It also implies that majority of prescribed

low clouds over tropical oceans should be in a layer

between 810 hPa and the surface. In the experiments

described in the following, the majority of prescribed low

clouds is set around 850 hPa.

In addition, further analyses show significant correla-

tions between the simulated total low-cloud amount and the

cloud cover in different levels of the lower troposphere in
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the CFS (not shown). This provides a physical basis for the

modification of cloud cover in the lower troposphere in the

CFS by using the observation-based total low-cloud

amount through statistical approaches. Based on these

diagnostic results, the vertical distribution of cloud amount

in the layers between surface and 650 hPa is prescribed by

the following equation:

CFScloudðzÞ ¼ a � ISCCPlowcloud � cos(bÞ ð1Þ

where b ¼ p
2

Pm�Pz
Pm�Pt. Pz is the pressure in layer ‘‘z’’ in hPa. Pt

and Pm are the pressures of the top and middle layers with

cloud prescribed, respectively. According to the diagnostic

results, we use following parameter values: Pt = 650 hPa,

Pm = 850 hPa, and a = 1.0 here. We assume the maxi-

mum at 850 hPa, which is consistent with recent work of

Wu et al. (2009). By examining multi-sensor cloud height

observations, they found that zonal mean cloud top heights

are mostly between 1 and 2 km. Only the clouds in the

layers between about 970 and 650 hPa are replaced by the

ISCCP low clouds through using the above formula. For a

few layers around 970 and 650 hPa, a blending technique is

used to mix the CFS clouds and the ISCCP low clouds.

Based on the above formula, we design two experiments

to test the impact of prescribed low cloud amount on the

tropical climate. One uses the global climatological low

cloud amount of ISCCP to replace the CFS clouds, which is

referred to as LCA1 hereafter. The other uses the global

monthly low clouds of ISCCP in January 1984–December

2004 to replace the CFS clouds and is referred to as LCA2.

In LCA2, the monthly low clouds of ISCCP are first inter-

polated into daily data prior to being input into the model.

The integration is 5 years from IC of January 1985 for

LCA1, and 21 years from IC of January 1984 for LCA2.

Besides cloud amount, CLWP is another important

factor in affecting the radiation. To examine the impact of

CLWP, we conduct two experiments (CLWP1, CLWP2).

In these experiments, the monthly data of CLWP for 1988–

2007 from O’Dell et al. (2008) are prescribed over oceans.

The seasonal mean climatologies of CLWP are shown in

Fig. 1 (left panels). The analyzed CLWP is the vertical

integration of cloud liquid water content in the whole

atmosphere column. To specify the low cloud portion of

CLWP in the model from the total CLWP, we have to

make some assumptions about the low cloud portion of

CLWP and its vertical distribution. In this work, the low

cloud portion of CLWP is defined as the production of

CLWP of the whole column and the ratio of the monthly

mean climatology of low cloud amount to the monthly

mean climatology of total cloud amounts of ISCCP (right

panels of Fig. 1). There are regional maxima of CLWP in

the southeastern Pacific and Atlantic (left panels of Fig. 1),

and the low cloud portions of CLWP enhance the maxima

in these regions (right panels of Fig. 1). O’Dell et al.

(2008) argued that the CLWP values are more accurate in

the southeastern Pacific and Atlantic, largely covered by

stratocumulus clouds, because these regions rarely have

precipitation and icy clouds present. The accurate values of

CLWP provide a solid basis for testing the hypnosis that

the simulation of low clouds in these regions is one of

major sources of the warm biases (Huang et al. 2007; Hu

et al. 2008a).

In CLWP1 and CLWP2, similar to LCA2, the low cloud

portion of observed monthly CLWP over the oceans is used

to build vertical profiles of cloud using Eq. 1 and inter-

polated temporally into daily data prior to inputting into the

model. In the vertical expansion using Eq. 1, a = 0.0824 is

adopted in order to keep the accumulation of the vertically

interpolated CLWP between the surface and 650 hPa equal

to the low cloud portion of the observed CLWP. To isolate

the impact of large low cloud amount bias associated with

the portion of CLWP, and based on the amplitude of the

shortwave biases (Fig. 2a), we use spatial weights, which

are defined as (shortwave bias in W/m2 - 30)/60 (Fig. 2b)

where positive, and zero otherwise. The global weights are

used in CLWP1 (Fig. 2b), and the weights are equal to

zero, except in the southeastern Atlantic Ocean for CLWP2

(Fig. 2c). Figure 2e and f are the mean weighted low cloud

portion of observed CLWP used in the two experiments,

which are defined as the values in Fig. 2d times the values

in Fig. 2b and c, respectively. The weighted low cloud

Table 1 Experiments

Experiment name Experiment description Length of the integration

and initial condition

CONTROL No modification for clouds 101 years; January 1985

LCA1 Model global low clouds replaced by ISCCP climatological low clouds 5 years; January 1985

LCA2 Similar to LCA1, but replaced by ISCCP monthly low clouds 21 years; January 1984

CLWP1 Model low cloud portion of CLWP over global oceans is modified

by adding observed monthly low cloud CLWP

20 years; January 1988

CLWP2 Similar to CLWP1, but modified only in the southeastern Atlantic 20 years; January 1988

CORRECTION Similar to CLWP2, but modified by using observed annual mean

climatology of CLWP in the southeastern Atlantic

50 years; January 1988
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portion of observed CLWP is added into the model gen-

erated CLWP in the layers between the surface and

650 hPa, instead of replacing the model values as in LCA1

and LCA2. Using addition instead of replacement is due to

the fact that the spatial weighted low-cloud portion of

CLWP (Fig. 2e, f) is concentrated in some regions instead

of the whole globe. The two experiments are integrated

20 years from IC of January 1988 (Table 1).

Based on the results of CLWP1 and CLWP2, we pro-

pose a scheme to eliminate the model biases by prescribing

climatological CLWP in the model. To test the scheme, we

conduct another experiment (CORRECTION), which is

similar to CLWP2 (only the CLWP in the southeastern

Atlantic is prescribed), but uses annual mean climatology

of observed CLWP rather than monthly values. COR-

RECTION is integrated 50 years from IC of January 1988

(Table 1). The sensitivity of tropical mean climate and the

seasonal cycle to low cloud cover and the low cloud por-

tion of CLWP is examined qualitatively using these

experiments.

(a)

(b)

(c)

(d)

Fig. 1 Seasonal mean

climatology of CLWP (left
panels) and the low cloud

portion of CLWP (right panels),

which is defined as the product

of CLWP of the whole column

and the ratio of monthly mean

climatology of low cloud

amounts to monthly mean

climatology of total cloud

amounts of ISCCP. The contour

intervals are 20 g/m2 for the left
panels and 10 g/m2 for the right
panels
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3 Impact of low cloud on tropical mean climate

3.1 Impact of low cloud cover

To examine the impact of low cloud cover modification on

tropical mean climate, we focus on the tropical Atlantic

Ocean. Figure 3 shows the mean low cloud amount, as

well as mean and difference of net shortwave radiation at

the surface in observations, CONTROL, and LCA2. As

indicated by Hu et al. (2008a, b), although the seasonal

variations of the low clouds are reasonably well simulated

in the southeastern Atlantic Ocean, CFS underestimates the

mean low clouds by about 25% (Fig. 3a–c, g), which is

connected to the warm biases there. On the other hand, the

mean low cloud amount in the whole tropical Atlantic

Ocean and the interannual variation in the southeastern

Atlantic Ocean are almost perfectly presented in LCA2

(Fig. 3a, c, g), as well as in LCA1 (not shown), which is a

(a) (d)

(e)(b)

(c) (f)

Fig. 2 a is the difference of

mean net shortwave radiation

(SW) at the surface between the

CFS CONTROL and COADS.

b is the weight used in the

experiment ‘‘CLWP1’’,

calculated mainly based on the

equation ‘‘(SW bias - 30)/60’’.

The SW bias is the difference

shown in a. c is the weight used

in the CLWP2 and

CORRECTION experiments.

d is the annual mean of the low

cloud portion of CLWP. e and

f are the results of weights in

b and c multiplying d,

respectively. The contour

intervals are 20 W/m2 in a, 0.2

in b and c, and 10 g/m2 in d,

and 20 g/m2 in e and f
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significant improvement compared with CONTROL

(Fig. 3b, g). This demonstrates that a realistic 3-dimen-

sional low cloud distribution is successfully prescribed in

the CFS by using Eq. 1.

Nevertheless, the improved low cloud cover only has a

minor influence on the amount of net shortwave radiation

reaching the surface (Fig. 3d–f) in the southeastern

Atlantic. This result suggests that low cloud cover plays a

secondary role in blocking and absorbing the radiation in

the radiation parameterization of the CFS. The absorption

and reflection of shortwave radiation by clouds mainly

depends on optical depth which is largely determined by

cloud liquid water content (Hou et al. 2002), which is

confirmed by the results in next subsection.

3.2 Impact of CLWP

Recently, we examined CLWP in the CFS, and compared it

with ERA40 reanalysis (Uppala et al. 2005), ISCCP, and

UWisc (O’Dell et al. 2008) analyses. It was found that

there are tremendous differences among these reanalyses

and analyses. ERA40 largely overestimates CLWP

(a) (d)

(e)(b)

(c) (f)

(g)

Fig. 3 Left column mean cloud

amount in observations (ISCCP)

(a), CONTROL (b), and LCA2

(c). Right column net shortwave

radiation at the surface for

observation (COADS) (d), the

differences of CONTROL–

COADS (d) and LCA2–

CONTROL (e). Bottom regional

averaged monthly low cloud

amount in ISCCP (solid), LCA2

(dashed), and CONTROL (dot).
The averaged region is the

square in a–c. Contour interval

is 5% in a–c, 10 W/m2 in d–f
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compared with the CFS and ISCCP as well as UWisc,

which is consistent with the evidence that there are smaller

warm biases and larger cold biases in the model of Euro-

pean Centre for Medium-Range Weather Forecasts than in

the CFS (see Fig. 5 in Huang et al. 2007). That also sug-

gests the importance of CLWP in correctly simulating

mean climate, which is confirmed by the sensitivity

experiments of CLWP1, CLWP2, and CORRECTION.

Compared with CONTROL, it is found that modifying

CLWP can improve the simulation of low clouds (Fig. 4),

because the low cloud in the CFS is diagnosed from cloud

condensation. For example, when CLWP is prescribed

globally in CLWP1, the biases of low clouds seen in

CONTROL in the southeastern Pacific and Atlantic largely

disappear (Fig. 4a–c, f, g, j). Similarly, when CLWP is

modified only in the southeastern Atlantic in CLWP2 and

(a)

(b)

(c)

(d)

(e) (j)

(i)

(h)

(g)

(f)

Fig. 4 Left column mean low

cloud amount in observations

(ISCCP) (a), CONTROL (b),

CLWP1 (c), CLWP2 (d), and

CORRECTION (e). Right
column difference of low cloud

amount between CONTROL

and ISCCP (f), between CLWP1

and ISCCP (g), between

CLWP2 and ISCCP (h),

between CORRECTION and

ISCCP (i), and between CLWP1

and CONTROL (j). Contour

interval is 10%
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CORRECTION, the biases of low clouds in this region

only are largely eliminated (Fig. 4d, e, h, i). The

improvement of low clouds and CLWP consistently redu-

ces the biases of net shortwave radiation at the ocean

surface (Fig. 5). The largest changes in CLWP1 are in the

southeastern Atlantic and Pacific Oceans (Fig. 5g), and in

CLWP2 and CORRECTION only in the southeastern

Atlantic (Fig. 5h, i), consistent with the corresponding

modifications of low clouds (Fig. 4). The radiation change

results in cooling in the troposphere. For example, in the

equatorial Atlantic, an obvious cooling tendency is

observed in CLWP1, CLWP2, and CORRECTION com-

pared with CONTROL (Fig. 6b–d). In contrast, there is

almost no cooling tendency in LCA2 compared with

CONTROL, except over the tropical Africa (Fig. 6a).

These results suggest that shortwave radiation absorption

by the CLWP is mainly responsible for reducing the

excessive surface net shortwave radiation over the southern

(a)

(b)

(c)

(d)

(e)

(i)

(h)

(g)

(f)
Fig. 5 Left column mean of net

shortwave radiation at the ocean

surface in observations

(COADS) (a), CONTROL (b),

CLWP1 (c), CLWP2 (d), and

CORRECTION (e). Right
column difference of net

shortwave radiation at the ocean

surface between CONTROL

and COADS (f), between

CLWP1 and CONTROL (g),

between CLWP2 and

CONTROL (h), and between

CORRECTION and CONTROL

(i). Contour interval is 20 W/m2

in a–e and 10 W/m2 in f–i
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oceans in the CFS. The improved low cloud and shortwave

radiation simulation improves the simulation of tropical

mean climate and the seasonal cycle.

First, we see a clear improvement in the simulated SST

and general increase of surface wind stress in the tropics

(Fig. 7). A major problem in simulated tropical SST in the

CFS as well as other state-of-the-art CGCMs is weak cold

tongues in the eastern tropical Atlantic and Pacific Oceans.

When CLWP is prescribed in both Pacific and Atlantic in

CLWP1 (Fig. 7c), the cold tongue becomes much stronger

and warm biases are reduced significantly in the eastern

tropical oceans, and the easterly surface wind stress is

enhanced along the equator in both oceans compared with

CONTROL (Fig. 7c, f, g, j). However, when CLWP is

prescribed only in the tropical Atlantic, improvement of

SST and intensification of easterly surface wind stress are

found only in the tropical Atlantic and changes in other

regions are relatively small (Fig. 7d, e, f, h, i). These

results indicate that improving CLWP in the CFS can

significantly reduce the warm biases of SST in the tropical

Pacific and Atlantic Oceans.

Second, the change of CLWP also improves the simu-

lation of SLP and general increase of easterly surface wind

in the tropics (Fig. 8). Compared with observations, the

SLP in CONTROL is overestimated in the western Pacific,

particularly over the maritime continent, and underesti-

mated in the central and eastern Pacific (Fig. 8a, b, f).

There is a bias pattern: positive in the west and negative in

the east (Fig. 8f). This bias pattern is due to the shift in the

low pressure center from the maritime continent to central

and eastern Pacific in CONTROL compared with obser-

vation. However, when CLWP is prescribed in both Pacific

and Atlantic in CLWP1 (Fig. 8c), SLP is decreased over

the western Pacific and increased in the eastern Pacific and

Atlantic, generating a pattern with negative in the west and

positive in the east compared with CONTROL (Fig. 8g).

This partly offsets the biases in CONTROL (Fig. 8f) and

improves the SLP simulations in the tropics. When CLWP

(a)

(b) (d)

(c)

Fig. 6 Temperature difference of LCA2–CONTROL (a), CLWP1–CONTROL (b), CLWP2–CONTROL (c), and CORRECTION–CONTROL

(d) along the equatorial Atlantic Ocean. Contour interval is 0.3�C
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is prescribed only in the southeastern Atlantic in CLWP2

and CORRECTION, the SLP and surface wind are changed

locally (Fig. 8d, e, h, i), consistent with the corresponding

change in SST (Fig. 7h, i).

Third, prescribing CLWP not only improves the simu-

lation of the mean climate, but also the seasonal cycle.

Figure 9 shows the climatology of monthly mean SST and

surface wind stress and the climatology of monthly mean

departure of SST from its annual mean along the equatorial

Atlantic Ocean in the observations, CONTROL, CLWP1,

CLWP2, and CORRECTION. Compared with the obser-

vations (Fig. 9a), it is found that associated with the

warm bias is the underestimation of southerly wind stress

along the African coast in CONTROL (Fig. 9b). When

CLWP is prescribed in the Atlantic in CLWP1, CLWP2,

and CORRECTION, the southerly wind stress initiates in

February and increases in the later months (Fig. 9c–e),

which is closer to the observations than CONTROL is

(a)

(b)

(c)

(d)

(e) (j)

(i)

(h)

(g)

(f)

Fig. 7 Left column mean of

SST (shading and contour) and

surface wind stress (vector) in

observations (NCEP/NCAR

reanalysis and ERv2) (a),

CONTROL (b), CLWP1 (c),

CLWP2 (d), and

CORRECTION (e). Right
column difference of SST and

surface wind stress between

CONTROL and observations

(f), between CLWP1 and

observations (g), between

CLWP2 and observations (h),

between CORRECTION and

observations (i), and between

CLWP1 and CONTROL (j).
Contour intervals of SST are

1�C in a–e and 0.5�C in f–j. The

scales of the vectors are shown

at the top of each column
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(Fig. 9a, b). Correspondingly, the seasonal cycle of SST

is also improved. For example, the starting time of the

seasonal warming is closer to the observations in CLWP1,

CLWP2, and CORRECTION than in CONTROL. More-

over, the intensity of the SST annual cycle is enhanced

and seasonal cold tongue enhancement becomes stronger

after the mean cloud error is reduced. That is more

consistent with the observations.

Moreover, the simulation of the inter-tropical conver-

gence zone (ITCZ) in the tropical Atlantic is improved in

CLWP1, CLWP2, and CORRECTION compared with

CONTROL (Fig. 10). For example, there are double ITCZs

in March–June in CONTROL, and the unrealistic southern

branch of the ITCZ in 5�S–10�S (Fig. 10b) is largely

eliminated in CLWP1, CLWP2, and CORRECTION

(Fig. 10c–e). The northward movement of the ITCZ is

(a)

(b)

(c)

(d)

(e)

(i)

(h)

(g)

(f)

Fig. 8 Left column mean of sea

level pressure (SLP) (shading

and contour) and surface wind

(vector) in observations (NCEP/

NCAR reanalysis) (a),

CONTROL (b), CLWP1 (c),

CLWP2 (d), and

CORRECTION (e). Right
column difference of SLP and

surface wind between

CONTROL and observations

(f), between CLWP1 and

CONTROL (g), between

CLWP2 and CONTROL (h),

and between CORRECTION

and CONTROL (i). Contour

intervals of SLP are 2 hPa in

a–e and 0.5 hPa in f–i. The

scales of the vectors are shown

at the top of each column
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steady in the observations (Fig. 10a), but is more abrupt in

CONTROL due to a sudden enhancement of the southerly

wind in June (see the thick line in Fig. 10b). In the CLWP

prescribed experiments (CLWP1, CLWP2, CORREC-

TION), the northward movement of the ITCZ is in between

that of the observations and CONTROL (Fig. 10c–e). The

improvement of the ITCZ is mainly associated with the

enhancement of the southerly wind in the early part of the

year. For example, the southerly wind along 10�S during

January–May is stronger in the observations than in CON-

TROL, and it is enhanced in CLWP1, CLWP2, and COR-

RECTION compared with CONTROL (Fig. 10). The

enhanced southerly wind does not favor the generation of

ITCZ between 5� and 10�S during January–May (Fig. 10c–

e). However, the overestimation of the ITCZ intensity in the

boreal summer and early autumn in CONTROL, associated

with too strong southerlies, seems to be not improved much

in the CLWP prescribed experiments (Fig. 10).

Overall, it is shown that using corrected CLWP in the

CFS improves the simulations of the mean climate in the

tropical oceans, including the centers of maximum low

clouds and minimum of net shortwave radiation at the

surface in the southeastern Pacific and Atlantic, and the

cold tongue. We also note the improvement of the zonal

SST gradient along the equatorial Atlantic Ocean. For

example, the seasonal cycle of the SST slope is closer to

the observation in CLWP1, CLWP2, and CORRECTION

than in LCA2. The change in the mean climate makes the

seasonal cycle in the tropical Atlantic Oceans improved.

From the experiment of CORRECTION, we found the

biases in the mean climate and seasonal cycle can be lar-

gely eliminated by prescribing climatological mean

(a) (b) (c) (d) (e)

Fig. 9 Climatology of monthly mean of SST (contour) and surface

wind stress (vector) and climatology of monthly mean departure of

SST from its annual mean (shading) along the equatorial Atlantic

Ocean in observation (NCEP/NCAR reanalysis and ERv2) (a),

CONTROL (b), CLWP1 (c), CLWP2 (d), and CORRECTION (e).

Contour interval is 1�C. The scale of the vector is shown at the top of

the figure
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CLWP. The improvement of the seasonal cycle in CLWP1

and CLWP2 may be mainly due to the fact that the

observed seasonal cycle of low clouds were prescribed.

Nevertheless, the improvement of the seasonal cycle in

CORRECTION, which seems to be from improved model

dynamics, resulted from the reduced annual mean warm

biases of SST.

4 Conclusion and discussion

In this work, we examined the sensitivity of tropical mean

climate and seasonal cycle to low clouds and CLWP

changes by prescribing them in the NCEP CFS. It is found

that the change of low cloud cover alone has a minor

influence on the amount of net shortwave radiation reach-

ing the surface and on the warm biases in the southeastern

Atlantic, suggesting that the reflection by low cloud cover

plays a secondary role in blocking the radiation in the

radiation parameterization of the CFS. Further experiments

indicate that the absorption of shortwave radiation by low

clouds is mainly determined by CLWP. In the experiments

that CLWP is prescribed using observations, the mean

climate in the tropics is improved significantly, suggesting

that shortwave radiation absorption by the CLWP is mainly

responsible for reducing the excessive surface net short-

wave radiation over the southern oceans in the CFS. Cor-

responding to large CLWP values in the southeastern

(a
) (b
)

(c
)

(d
)

(e
)

Fig. 10 Climatology of

monthly mean of precipitation

(shading) and v component of

surface wind stress (vectors and

contours) between 20�S and

20�N along 20�W in

observation (NCEP/NCAR

reanalysis and CAMP) (a),

CONTROL (b), CLWP1 (c),

CLWP2 (d), and

CORRECTION (e). Zero

contour line is omitted, thick
line represents the contour of

0.02 N/m2, and contour interval

is 0.02 N/m2. The scale of the

vector is shown at the bottom of

the right column
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oceans, the model generates large low cloud amounts. That

results in reduction of net shortwave radiation at the ocean

surface and the warm biases of SST in the southeastern

oceans. Meanwhile, the cold tongue and associated surface

wind stress in the eastern oceans become stronger and more

realistic. The seasonal cycle in the tropical Atlantic is also

improved.

Following on the results from these sensitivity experi-

ments, we conducted an experiment in which the CLWP is

prescribed only in the southeastern Atlantic by using

annual mean climatology of CLWP. It is shown that the

warm biases in the southeastern Atlantic are largely elim-

inated, and the seasonal cycle in the tropical Atlantic

Ocean is significantly improved. Since the change in this

experiment is only the annual mean CLWP, it appears that

the improvement in the seasonal cycle is a consequence of

the improvement in the annual mean tropical climate. It

seems that prescribing CLWP in the CFS is an effective

interim technique to reduce model biases and to improve

the simulation of seasonal cycle in the tropics. This could

then serve as a model bias correction approach.

Our work confirms the hypothesis that reduction of low

cloud errors may eliminate the warm biases in the south-

eastern Atlantic Ocean. This is of course only an interim

solution to the bias problem, which must eventually be

solved by improvement of the model physical parameter-

izations and dynamics.

Our previous study does show that the low cloud error is

originated from the atmospheric component of the CFS

(GFS) (see Fig. 12 of Huang et al. 2007). In fact, a com-

parison of the low cloud simulations by a set of CFS

hindcasts with a GFS simulation shows that they have very

similar low cloud distribution, with serious deficiency in

the southeastern oceans, even though the latter is forced by

observed SST. On the other hand, Hu et al. (2008a) com-

pared low cloud amounts in the CFS, ISCCP, and NCEP/

NCAR reanalysis. The model used in the reanalysis is

similar to the GFS. It was found that low cloud amount

over the southeastern Atlantic in the NCEP/NCAR

reanalysis is much closer to ISCCP than to that in the CFS.

It suggests that more realistic temperature stratification in

the lower troposphere in the NCEP/NCAR reanalysis, due

to data assimilation, can improve the low cloud distribution

significantly.
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