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ABSTRACT

The effects of freshwater flux (FWF) on modulating ENSO haserbof great interest in recent years. Large FWF bias
is evident in Coupled General Circulation Models (CGCMspexially over the tropical Pacific where large precipitati
bias exists due to the so-called “double ITCZ"” problem. Byplging an empirical correction to FWF over the tropical
Pacific, the sensitivity of ENSO variability is investigdtasing the new version (version 1.0) of the NCAR’s Community
Earth System Model (CESM1.0), which tends to overestimageiterannual variability of ENSO accompanied by large
FWF into the ocean. In response to a small adjustment of FE#T,annual variability in CESM1.0 is reduced significantly
with the amplitude of FWF being reduced due to the appliedsidjent part whose sign is always opposite to that of the
original FWF field. Furthermore, it is illustrated that ttmterannual variability of precipitation weakens as a respao the
reduced interannual variability of SST. Process analysiicates that the interannual variability of SST is dampedugh
a reduced FWF-salt—density—mixing—SST feedback, andthisagh a reduced SST-wind-thermocline feedback. These
results highlight the importance of FWF in modulating EN$@d thus should be adequately taken into account to improve
the simulation of FWF in order to reduce the bias of ENSO satioihs by CESM.
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1. Introduction such as the feedback induced by tropical instability waves

As the most significant interannual variability mode cerflws) (Zhang and Busalacchi, 2008) and ocean biology

tered in the tropical Pacific, ENSO exerts substantial infl Zhang etal., 2009).

ences on climate variability and predictability worldwidgy The freshwater flux (FWF), defined as precipitation mi-

using coupled ocean—atmosphere models, operational EN3S evaporation, is another important forcing to the ocean,

forecasting could reach 3—6 months with reasonable cﬂedik%nd significant progress has been made regarding our phys-

ity (Cane and Zebiak, 1985; Barnett et al., 1993; Latif et ai.cal understanding and modeling of its effect on ENSO. For

1998: Kirtman et al., 2002: Zhang et al., 2005, 2013; zhu SkamPle, it has been found that FWF has a direct effect on
al., 2013). salinity in the upper ocean, which is closely associateth wit

However, large uncertainties and systematic errors sHI"Ie density of water, mixed layer depth, mixing, and entrain

exist in simulations and predictions of ENSO. Much effor ent, all of which have importantinfluences onthe SST (e.g.,

. . Carton, 1991; Huang and Mehta, 2004; Zheng and Zhang,
has been applied to understand ENSO processes, with varigus,. Zheng et al., 2014). Reason (1992) found that a zonal
forcings and feedbacks identified. For example, it has Ion% - U ’ L .

. . : overturning cell is generated by the precipitation anoesali
been recognized that the surface wind is the dominant forc-~ . . . .
) . ; associated with ENSO; this cell acts to enhance the vertical
ing (Bjerknes, 1969), while the heat flux serves as a negat'r\ﬁ?xing of more saline, cooler water into the mixed layer in
feedback in ENSO cycles. In addition, many other feedbactlgs .
fi

. ) e forcing region, and at the same time transport the seirfac
having modulating effects on ENSO have also been fou résher water to other places. Yang et al. (1999) found that,

through the change of horizontal advection and vertical mix
* Corresponding Author: KANG Xianbiao ing, the inclusion of FWF increases the SST by about 0.5 K
Email: xianbiankang@163.com in the tropical Pacific. By using a hybrid coupled model con-
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structed from an OGCM and a simplified atmospheric modelssociated with ENSO.
Zhang and Busalacchi (2009) and Zhang et al. (2010) demon-
strated that the FWF forcing tends to increase the interann
variability of ENSO. Ham et al. (2012) indicated that freshé' Model, data and methodology
water runoff decreases the salinity and makes the mixed layel. Model
depth shallower, which reduces the vertical mixing and thus CESM 1.0 is a coupled climate model for simulating the
increases the SST. Using a fully coupled ocean—atmosphgegth’s climate system developed from the Community Cli-
GCM, Wu et al. (2010) found that the idealized western tropaate System Model version 4 (CCSM4) (Gent et al., 2011)
ical Pacific FWF acts to trigger an ENSO-type response @it the NCAR. The CESM has five separate components si-
the tropics. multaneously simulating the Earth’s atmosphere, ocead, la
These previous studies are helpful for our understanditagd ice, and sea ice, plus one central coupler. The atmo-
of the mechanisms by which FWF forcing can induce a rgphere component is version 5 of the Community Atmo-
sponse of the ocean and ENSO cycles. However, most gghere Model (CAM5) (Gettelman et al., 2010; Neale et al.,
sults have been obtained from ocean-only (e.g., Yang et @310), with the finite volume dynamical core at a horizontal
1999) or simplified coupled ocean—atmosphere models (ergsolution of 1.9 (lat) x 2.5 (lon), and 30 vertical layers ar-
Zhang and Busalacchi, 2009; Zhang et al., 2012), and thus theged in a hybrid pressure sigma coordinate. Version 4 of
effects in fully coupled ocean—atmosphere models stiltinethe Community Land Model (CLM4) (Oleson et al., 2010) is
further investigation. As is well known, over the tropical-P used, which shares the same horizontal grid as CAM5. The
cific, most coupled general circulation models (CGCMs) pr@cean component is the Parallel Ocean Program version 2
duce a “double ITCZ” pattern with excessive precipitatiéin o(POP2) (Smith et al., 2010), possessing 60 layers in the ver-
the equator near the date line, which is often connected wiital direction. The sea ice component is version 4 of the
overly narrow and excessive SST spreading into the westeis Alamos sea ice model (CICE4) (Hunke and Lipscomb,
Pacific too far west (Mechoso et al., 1995). As the dom2008), which is designed specifically to be compatible with
nant component of FWF, such precipitation bias can dist®?OP and has a horizontal resolution of approximatélyli
the FWF pattern into the ocean considerably, and ultimatedgdition, the ice sheet component is taken from the Glimmer
affects the reliability of the simulated ENSO. Community Ice Sheet Model (Glimmer-CISM) (Rutt et al.,
Very recently, a new version (version 1.0) of the Na2009), with a horizontal resolution of 5 km. CESM1.0 is a
tional Center for Atmospheric Research (NCAR) Communityseful tool used worldwide by climate researchers in a vari-
Earth System Model (CESM1.0) was released. The modgy of fields.
has been available for use in the scientific community, and is )
expected to have a variety of applications for Earth systefr?- Observational datasets
modeling and analyses. However, it is already clear that bi- The monthly precipitationK) data are from the Global
ases remain in this latest version of the model. In particul®recipitation Climatology Project (GPCP) (Adler et al.,
the ENSO variability simulated in the current version is t08003), and the monthly evaporation data (covering the pe-
strong [discussed later with respect to the CSEM1.0 simulied 1979-2008) are from the Objectively Analyzed Air-Sea
tions of ENSO]. One obvious source of bias is related to tiduxes (OAFlux) project (Yu and Weller, 2007). TReandE
fact that FWF effects are not adequately represented (seedhta are used to derive the FWF fields, define® asnusE
related analyses below). (P — E), the value of which is positive when the ocean gains
In this paper, we evaluate the CESM simulation, wittvater from the atmosphere, and negative when there is water
a focus on FWF effects on ENSO variability. The exadvss from the ocean surface. Although large uncertainties e
purpose of the study is to use CESM1.0 to investigate tigt in the precipitation and evaporation data among differe
sensitivity of ENSO variability to FWF forcing in the Pacific observational datasets, especially over the open ocearewhe
Specifically, a sensitivity simulation using CESM1.0 is-peno comprehensivm situ observations are available for vali-
formed in which a simplified empirical correction is appliedation (Yang et al., 1999; Schlosser and Houser, 2007; An-
to the FWF field, and then compared with the control simutersson et al., 2011), the main focus of the current paper is t
lation without FWF adjustment. We attempt to identify thevaluate how the SST responds to a minor correction of the
possible physical mechanism causing such a modulationFd/F; the aim is not to examine the sensitivity to the variatio
ENSO. A similar method has been used in the Community FWF observations, and so we simply adopt the widely used
Climate System Model version 3 (CCSM3) for adjusting thePCP-OAFLUX datasets as the observations in this study.
heat flux, and it was found that the simulated SST climatol- The observed SST field is taken from Hurrell et al. (2008)
ogy, the seasonal cycle, and interannual variability of BNSand is used to validate the model results. It comprises the
can be improved significantly (Pan et al., 2011). Unlike thraerged products of HADISST1 [Met Office Hadley Centre
role of heat flux, the effect of FWF on the SST is indirectlgea ice and sea surface temperature dataset (1870 onward)]
and predominantly through the adjustment of ocean interraaild Ol.v2 [National Oceanic and Atmospheric Administra-
dynamics; as discussed later in the paper, the FWF corréon (NOAA) Optimum Interpolation SST version 2 dataset
tion mainly improves the simulation of interannual varldapi (November 1981 onward)].
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2.3. Corrected FWF scheme (Taylor et al., 2011). The historical run is initiated frohet
The equation governing the sea surface salirSty) can preindustrial quasi-equilibrium control run, and is imaigd
be written as from 1850-2005; such an experiment is also termed a “20th
0Sur century” simulation because it integrates from the midal9t

ot DS+ Ssre. @ century to near the present day (covering much of the indus-
As expressed, the tendencySf is composed of two parts: trial period). This experiment is the control run and redeirr
the first represents the oceanic process teBxjthat include to as CTL hereafter. A sensitivity experiment (referredso a
the horizontal and vertical salt advection, entrainmerd afrLX hereafter) is then conducted using the above FWF ad-
sub-scale salt diffusion. The second is associated with fhgtment scheme. The FLX simulation is initiated from the
net local FWF at the air—sea, ice—sea and sea—land interfastate determined from the CTL simulation on 1 January 1901
which includes the combined effects of precipitation, evapnd integrated for 105 years. The first 45 years are used to
oration, runoff, sea ice freezing, melting, and so on. In ti&Pin up and the results of the remaining 60 years (1946—-2005)
CESM, the salt flux exchang&4.) is processed as convert-are used to conduct the following analyses. Note that differ
ing the FWF to the virtual salinity flux by assuming the ocea@nt values otr have been tested and it is found that, although
reference salinity$ = 34.5 psu). This type of experimentaldifferent values ofr indeed have an influence on the signal
setup allows us to focus merely on the salinity effects by putrength, it is unlikely that this affects the quality of tter-
posely leaving the latent heat flux unrestricted to resdrge trent conclusion. In addition, the constantover the whole
global surface heat balance. Equation (1) can then be writt€gion does not cause an abrupt change in salinity near the
as transitional area, and therefore also does not impede the fo
0§iur 0%+ SxF 2) lowing results.
in which F is the modeled FWF at the sea surface. The bal- . .
ance betweefy andS;,c determines the patterns of me&y;, aé The standard CESM1.0 simulation

in the long-term meaSsyr/dt ~ 0). The bias of model SSS  The interannual variability of freshwater flux anomaly
can be attributed to the errors&fcandSp. In this study, we (FWFA) in the equatorial Pacific is closely correlated with
mainly focus on the effects of the systematic erroBgfon  ENSO cycles. During El Nifio years, large positive FWFA
the ENSO phenomenon, because such error is significant déeninates the western and central equatorial Pacific, which
to the commonly noted deficiency of precipitation simulatios attributed to the intense precipitation associated with

in the CESM, especially over the equatorial Pacific, wheegistward movement of maximum sea surface temperature
large FWF error determined by the differencé®f E is still  anomaly (SSTA). The situation for the La Nifia years oper-
large. To understand the effect of such error sources, a tinages in an opposite way, in which negative FWFA appears in
dependent FWF adjustment term is adde& tm Eq. (2) to the western and central equatorial Pacific. Figure 1 conspare

compensate for the systematic error: the observational interannual variability of FWFA along th
9Ssur equator with that in the CTL experiment. Compared to the
at U S + SoFix ; (3) observation (Fig. 1a), the FWFA variability along the equat
Fix = Fmod+ Fadj (4) rial chmc tends to be overg;tlmated s_|gn|f|car_1fly inth&.CT
experiment (Fig. 1b). Specifically, during El Nifio yeafs t
Fadj = o (Fobs— Fmod) . (5)

FWFA in the CTL experiment has larger values and extends
Here,Fmogis the original FWF, calculated &— E at the sea more eastward than that in the observation. This can further
surfacefFopsis the observed FWF, obtained by linearly interbe demonstrated in Fig. 2 where the FWFA standard devia-
polating the observed (GPCP-OAFLUX) long-term monthltion in the CTL experiment (Fig. 2b) is generally about 0.5
mean (1979-2008) FWF to each time step (1-day interval)mim d-* larger than that in the observation (Fig. 2a), espe-
air—sea coupling; anBygj is an adjustment term, defined bycially over the western Pacific warm pool and along the ITCZ
multiplying a coefficient &) to the difference betweeR,,s and South Pacific convergence zone (SPCZ).
andFnog. In the current study, the FWF adjustment is only Figure 3 shows the long-term annual mean FWF over the
applied to the tropical Pacific Ocean (83-30N, 120°E— tropical Pacific from the models and observation. In obser-
70°E) where the observational FWF datasets are availabiions (Fig. 3a), most of the positive FWF occurs in the
and the effects of FWF bias on ENSO are of great interegtestern Pacific warm pool, northern ITCZ alont\ and
with the adjustable coefficient arbitrarily denoted as H868 SPCZ, where the SST is warm, the convection is active, and
kept constant over the region. By doing so, the systematie associated intense precipitation is the main contritiot
bias of FWF can be effectively reduced. FWF. Correspondingly, much negative FWF is located be-
In this paper, we first conduct the FWF-unadjustesides the north of the ITCZ, eastern edge of the warm pool,
IPCC/CMIP5 (Intergovernmental Panel on Climate Changahd SPCZ. In these areas, the SST is usually lower th&m,27
Coupled Model Intercomparison Project Phase 5) long-temeaning less convection can be triggered, the precipitéio
historical run, during which the CESM is forced by atmolow, and evaporation is the dominant contributor to FWF. The
spheric composition variations including both naturaland CTL experiment successfully captures the position of posi-
thropogenic sources, with land cover set to be time-evglvitive FWF in the warm pool, along the ITCZ and SPCZ, and
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Fig. 1. Time-longitude sections of FWFK() in the equatorial (535—5'N) Pacific for the (a) observa-
tion; (b) CTL experiment. The contour interval is 2 mmidor F’ > 1.0 (orF’ < —1.0) mm d™1.

the negative FWF center north of the ITCZ (Fig. 3b). Howral interannual SST anomalies extending too far west, and
ever, the simulated FWF is too weak in the warm pool, tabe slightly overestimated SST anomalies in the subtropics
strong in the ITCZ, and too strong and extended too far egbtg. 4b). To further quantify the variability of SST simula
in the SPCZ (Fig. 3e). The eastern extension of the strondgiens, we summarize the standard deviation of each Nifio in-
SPCZ tends to split the whole negative FWF center in tliex in Table 1. The interannual variability of SST tends to be
central-southeastern Pacific (Fig. 3a) into two parts: @me c overestimated significantly along the equatorial Pacifior F
ter in the equatorial central eastern Pacific, and anothéein example, the standard deviation of SST variability in CTL
southeastern Pacific (Fig. 3b). This deficiency of FWF sim{©BS) is 1.22 (0.66) in the Nifio4 area, 1.49 (0.85) in the
lation can be mainly attributed to the “double ITCZ” problemNifio3.4 area, and 1.45 (0.88) in the Nifio3 area. In coftras
which is a commonly noted bias in CGCMs, and remainsthe SST variability in the Niflol+2 areas is slightly under-
challenge for the state-of-the-art CESM1.0. estimated in the CTL experiment, with its standard dewviatio
Figure 4 shows the spatial distributions of the standabging 1.0 in the CTL experiment, and 1.07 in the observation.
deviation of interannual SST anomalies for the observation To illustrate the time evolution of SSTA related to ENSO,
and the CTL experiment. The maximum values (2@5 the Nifio3 index for the CTL experimentis shown in Fig. 5b,
1.5°C) of the observed SST variations are found near tirecomparison with the index derived from the observed SSTs
equatorial eastern Pacific, with decreasing amplitudenelixte (Fig. 5a). Note that the El Nifio years in the experiments can
ing westward to 130V (Fig. 4a). In comparison to this, only by coincidence match observations because of their dif
the simulated maximum values in the CTL experiment reafrences of the initial internal variations between theezikp
1.75C-2.0C, with an unrealistic center around T2@ An- ments and observation. The initial conditions of the histdr
other apparent discrepancy in the control run is the equatans are taken from an arbitrary point of a quasi-equilitoriu
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Fig. 2. Spatial distributions of the standard deviation for FWFAothe tropical Pacific: (a) observation; (b)
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Table 1. Standard deviations of the observed Nifio indices, andetiodbshe CTL and FLX experiments. The numbers in bracketsgalon
the CTL row denote the overestimated percentage of the Mifioes in the CTL experiment relative to that observed. flis¢ of the two
numbers in brackets along the FLX row denotes the overestinzercentage of the indices in FLX experiment relativehtd bbserved,
while the second of the two denotes the decreased perceritttgeindices in the FLX experiment relative to that in CTlperment.

Nifio4 Nifio3.4 Nifio3 Nifiol+2
OBS 0.66 0.85 0.88 1.07
CTL 1.22 (85%) 1.49 (75%) 1.45 (65%) 1.66%)
FLX 1.01 (53%,—17%) 1.1 (29%—26%) 1.02 (16%530%) 0.71 (33%, —29%)
(a) OBS . . . . servation and experiments. The observation shows periods
20N i 23, from 1.2 years to 4.5 years, which is significantly largentha
5 7 the red noise process at the 95% confidence level (based on
0 _’f’w the chi-squared table). The dominant 4-year period shown
£

20S _/J\U\\ o

in the observations is reproduced well in the control run;
however, the spectral intensity has been overestimatad-sig
icantly, with about 24% (12%) in the CTL experiment (obser-
vation). There is a distinct and robust quasi-biennialltzsci

12?bE) C-?—EOE 180 150W 120W 90W tion (also shown in Fig. 5b) in the CTL experiment, which is
: L . . ) a long-standing deficiency of CCSM3 and CCSM4 (Deser et

20N T g al., 2006), but still exists in the current version of the GES
j% In summary, when using the standard CESM1.0, the sim-

120E 150E 180 150W 120W

(c) FLX

120E 150E 180 150W 120W 90W

05075 1 1.25151.75 2

Fig. 4. Spatial distributions of the standard deviation for SST
anomalies over the tropical Pacific: (a) observation; (bL.CT

(c) FLX. The contour interval is 0.2%.

ulated long-term annual mean FWF has an obvious “double-
ITCZ” type bias. The simulated interannual variability of
SST and FWF in the equatorial Pacific is too strong, clearly
indicating that the ENSO variability tends to be overesti-
mated in CESM1.0 (by more than 65%, as indicated in the
Niflo3 index; Table 1).

4. The effect of the FWF correction

To reveal what benefit can be gained by the FWF cor-
rection, a perturbation run (i.e., FLX) is conducted. Irsthi
study, the correction is applied only to the tropical Pacific
(30°S-30N, 120°E-80'W). As the only difference between
the CTL and FLX experiment is the specification of the FWF,
the effects of FWF on ENSO can be isolated in a clean
way. Specific questions to be addressed are: How does the
CESML.0 respond to the FWF correction? Is there any sig-
nificant effect on ENSO? Is the effect positive or negative
in terms of ENSO amplitude? What benefit can be gained
by climate modeling using the CESM1.0 with the improved
FWF? Can the CESM1.0 biases be reduced by including the

control run (Taylor et al., 2011). The different characttics i i
of ENSO in the experiments and observations can be séeffF correction? Can ENSO variability be reduced? Are the
clearly by visual inspection of the time series. The NifioBrocesses involved in the CESM1.0 the same as those identi-
index in the CTL experiment (Fig. 5b) is characterized bijed in previous simplified (hybrid) coupled modeling experi
a quasi-regular 2-yr cycle, while that of the observation [gents’)(e.g., Zhang and Busalacchi, 2009; Zhang et al., 2010,
more irregular (Fig. 5a). Additionally, during the matur@mz_)- ) ]
phase of El Nifio (La Nifia) events, most of the SSTA in the Figure 7 shows the FWFA() and its correction terms
CTL experiment is greater (less) than 20(—2.0°C) (Fig. along the equator [a; written in Eq. (4)] in the FLX experi-
5b). In contrast to this, it is usually less (greater) thasi@. Ment. The sign of adjustment of the freshwater flux anomaly
(—2.0°C) in the observation (Fig. 5a), indicating that the inPart €sg) is always opposite to that of the original freshwater
terannual variability of SST has been significantly overesflux anomaly part k.o, indicating that the correction al-
mated in the CESM control run. ways acts to reduce the interannual variabilitygf 4 during
Figure 6 presents the power spectrum (based on the cBNSO cycles. During strong El Nifio (e.g., the period 1998
tinuous Fourier method) of the 60-yr Nifio3 index for the ot29 in Fig. 7a) or La Nifia (e.g., the period 2000-01 in Fig. 7a)
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phenomena, the amplitude Egdj is also bigger, acting to
have more of a correcting effect d¥f , while in normal
years, thé=,; amplitude is much lower and has less effect on
Froe The compensating effects of these two items lead to
a significant reduction of the actual freshwater flux anomaly
(Fiy) into the ocean in the FLX experiment (Fig. 7c), as com-
pared to that in the CTL experiment (Fig. 1b). Such effects
are not just confined within the equatorial Pacific, but occur
over the whole tropical Pacific where the adjustment method
is being applied. This can also be demonstrated in the spa-
tial distribution of the standard deviation of FWFA (Fig.. 2)
The standard deviation of FWFA is 2.5-3.5 mm‘aver the
SPCZ, and more than 3.5 mnrHover the ITCZ and west-
ern Pacific warm pool in the CTL experiment (Fig. 2b). In
contrast to this, it is much lower during the FLX experiment:
1.5-2.0 mm d? over the SPCZ, and 1.5-2.0 mm'dover

the ITCZ and western Pacific warm pool (Fig. 2c).

The effects of FWF adjustment on the long-term annual
mean FWF are shown in Fig. 3c. Although the position of the
simulated FWF has not obviously improved in the FLX ex-
periment (Fig. 3c), the amplitude of the bias has indeed been

Fig. 6. Power spectrum period of the Nifio3 index calculated Effectively reduced (Figs. 3d and f). For example, the large
from 60-yr SST data for observation (black), CTL (red), and POsitive FWF bias center east of the SPCZ has been reduced

FLX (blue). The green dashed line indicates the upper liit o by 1-2 mm d'%; the large negative bias center in the equato-

the 95% confidence level.

rial western Pacific (N, 155E) has also been decreased by
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Fig. 7. Time—longitude sections of the FWFA) terms [as written in Eq. (4)] over the equatorial Pacifit355 N)
for the FLX experiment: (a) the original FWFAL ); (b) the adjusted FWFAF(;dJ-); (c) total FWFA into the ocean

(Fi)- The contour interval is 2.0 mntd for F’ > 1.0 (orF’ < —1.0) mm dL.

1-2 mm d* (Figs. 3d and f). Some other improvements cagastern Pacific{29% in the Nifio1+2 area and30% in the
be seen over the ITCZ area, with FWF into the ocean beihifio3 area); while in the central and western Pacific, the co
slightly reduced by about 1 mmd (Fig. 3d). rected percentage is relatively lowerZ6% in the Nifio3.4
Compared with that in the CTL experiment, the patterrsgea and-17% in the Nifio4 area) (Table 1). Furthermore, in
of simulated long-term annual mean SSTs have not chandled western and central subtropics, the standard devigtion
considerably in the FLX experiment. The warm bias alorigss than 0.5C in the FLX experiment, which is closer to the
the Peru coast and too strong cold tongue over the centsbkervation than that in the CTL experiment (Fig. 4c).
and eastern equatorial Pacific are still large (figures eutjit As shown in Fig. 6, the blue line locates besides the left
This is reasonable considering that the effect of FWF on S8T the red line, indicating that the low frequency at the in-
is not as significant as that of wind stress associated with tierannual variability scales tends to be enhanced, whde th
dominant wind—SST-thermocline feedback mechanism in thigth frequency is likely to be suppressed in the FLX experi-
tropical Pacific. ment. The overall range under the blue line is much less than
The patterns of standard deviation for simulated SSTstimat under the red line and is closer to that under the black
the FLX experiment are very similar to those in the CTL eXine, suggesting that the amplitude of the interannuabiaki
periment. However, the value in the FLX experiment is mudty has been effectively reduced by applying FWF correction
lower and closer to the observation (Fig. 4c and Table ethods, consistent with the result obtained from the stan-
especially in the equatorial Pacific, where the standard degtard deviation distribution in Fig 4. Also, the peak of the
ation in the FLX experiment has only been overestimated bpectral density at four years has been reduced effectiyely
16% of Nifio3, 29% of Nifio3.4, and 53% of Nifio4; in com30% in the FLX experiment. Furthermore, it is surprising to
parison to 65% of Nifio3, 75% of Nif03.4, and 85% of Niflo&ote that the variations of Nifio3 index are more irreguad
in the CTL experiment (Table 1). It can also be seen thtite quasi-biennial oscillation bias existing in the cohtrm
the maximum percentage adjustment mainly occurs over thas been effectively diminished in the FLX experiment.



SEPTEMBER 2014 KANG ET AL. 1017

All these results clearly indicate that various aspects dépress the mixing at the base of the mixed layer. Accom-
the simulation of ENSO can be affected significantly by apanied with this, the MLD becomes shallower in the western
plying an FWF correction in the FLX experiment, althoughnd central equatorial Pacific, which also tends to suppress
the climatological fields of FWF and SST seem to be inflidhe entrainment of subsurface water into the mixed layey. (Fi
enced only a little. In particular, the interannual varidpi 8e). These oceanic processes are favorable for the warming
of SST and FWF are significantly reduced when the FWR the surface layer, which have also been demonstrated in
correction is applied, with the standard deviation of NBfioZhang and Busalacchi (2009).
index (Table 1) being reduced from 1°45in the CTL exper- The anomaly fields in the FLX experiment (Fig. 9) are
iment to 1.02C in the FLX experiment$30%), indicating compared to those in the CTL experiment (Fig. 8). There is
that the FWF effects need to be adequately represented inltes positive FWFA into the ocean in the western and central
CESML1.0 because they act to significantly reduce the EN®Quatorial Pacific (Fig. 9b), leading to the relatively lowe
variability. SSS anomaly (Fig. 9c) in comparison to the situation in the
CTL experiment (Fig. 8c). The lower freshwater amount

) acts to cause greater surface ocean density in the FLX ex-

5. Process analyses of the effects induced byseriment (Fig. 9d), which makes the upper ocean less stable
the FWF correction and thus conducive to stronger mixing of cold water into the

mixed layer, leading to stronger cooling of SST during El

By using a simplified ocean—air coupled model, Zhar}qiﬁo events in the FLX experiment (Fig. 9a). As a result,

and Busalaccfn (2009) discussed in detail the physical Pi8ss positive SST anomalies can be seen in the FLX experi-
cesses associated with FWF. They found that the FWF CaRnt (Fig. 8a)
exert a direct influence on two parameters (SSS and buoy- Furthér thé air—sea system is a coupled system; the ef-

ancy f|UX).In the ocean. The_ SS.S IS glosely connectepl W\%‘ct of FWF on SST is reinforced through a damped Bjerknes
the oceanic density field, which is an important factor 'nﬂli"eedback (Bjerknes, 1969). The less warming of SST due to

encing the vertical mixing and stability of the upper 0C€athe enhanced vertical mixing in the FLX experiment tends to
The buoyancy flux, which is a combination of the net he;i

flux and freshwater flux at the sea surface, acts as a forcin Ieduce the zonal wind stress anomalies (figures not shown).

0
the ocean, and controls the evolution of mixed layer depths

Is acts to make the MLD less shallower in the central and
(MLDs). Together with the wind stress and heat flux Fwwestern equatorial Pacific (Fig. 9e compared with Fig. 8e),

. . . .which is favorable for more entrainment of cold water below
can affect the entrainment of the mixed layer, thus influegci : :
the SST. However, in the current study, the FWF is converttehi mixed layer into the upper ocean, and thus suppresses the
y ! . Y X warming in the FLX experiment compared to that in the CTL
to the virtual salt flux, which serves as the source/sink tf sa . :
. X eriment (Fig. 9a).
for the salt conservation equation, and the processes of F\%‘p : .
; . . o The FWF adjustment term acts to dampen the interannual
correction on the SST are discussed in detail in the follow- ., .. " . . .
. . .~ variability in the FLX experiment via two routes. First, the
ing. In order to more clearly depict the coherent relatlor?:-, . S PR A
; : . : :  directly reduces the variability d%;,, since its sign is al-
ships between interannual anomalies of various oceanic ariél ite to that &' (Fig. 7). S d th kened
atmospheric fields during ENSO cycles, a composite ana g}’rs opp03||_e o tha dm%d(trlwg. F{/.VFecon 't' evxtlﬁa enheth
sis is conducted in the following. The composite warm (col hangma(ljgs causcej by € { c%rrec It(;]n roug_t i N
ENSO event is constructed by averaging all the warm (col ecthanlsm |sc:quse a qvgt’ ?C 0 trﬁ uce the ptrefglzl ation
years. The warm (cold) years are defined according to théonsFo'Ce?hn. mcie precgn a |ct>n :SP e.f!“at';]‘ condrl dor
criterion that the averaged Nifio3 index for five conse(wti\}_e_t i Iln de vtves edrn and centra F"?‘C' '07’ € rg tl:]ce pre-
months from October to February (in the following ENS Iptlha lon deat_s O_r'a:, e(frrﬁasefﬁqwdtﬁ '9. ﬁ)F?/r\}F us a
year) is greater (less) than or equal to 0.#®(75) its stan- urther reguction I, . erefore, the sma correc-

dard deviation over the 60-yr period. Following this prcn;estion’ as seen for the amplitude 5sdj (Fig. 7D), results in a

there are 15 (17) warm (cold) events in the observations,;igniﬁcam effect on inter_anngal variability in the FLX run
(17) in the CTL experiment, and 15 (15) in the FLX exper-°" gxample, as shown in Fig. 7b tﬁédjl's abou.t 1 mm
iment. Other alternative composite methods are also test@d’ in the western and central Pacific during El Nifio, which
such as choosing a different criterion of standard deviatio is nearly one order of magnitude smaller than the FWF itself
averaging over different months centered on December, @#out 9 mm d*) in the CTL experiment (Fig. 1b). How-
it is found that the following results are not affected. ever, as seen above, even such a skjg|iterm can lead to
The spatial patterns of various anomaly fields in the CTthe amplitude of,, in the FLX experiment being about 2
run are shown in Fig. 8. During El Nifio, warm SSTA apmm d™* lower (Fig. 7a) than th&’ in the CTL experiment
pears in the central and eastern basin (Fig. 8a), accomparifég. 1b). The decreased, 4 (Fig. 7a), together with the
with large positive FWFA in the equatorial Pacific, SPCZompensating effects &, on Fy,,4 (Fig. 7b), leads to the
and ITCZ (Fig. 8b). The direct effect of the positive FWFAotal F, field being significantly damped (Fig. 7c), with the
is to reduce SSS (Fig. 8c) in the central and western Raaximum value at about 5 mnrd compared to 9 mmd
cific. Correspondingly, the surface ocean density beconmbeshe CTL experiment (Fig. 1b). This can also be seen in
less (Fig. 8d), which tends to stabilize the upper ocean athe spatial distribution of the FWFA standard deviationeTh
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Fig. 8. Spatial distributions for anomalies of composite El Nifverts for the CTL experiment in De-
cember: (a) SST; (b) FWF; (c) SSS; (d) ocean surface der@yILD. The contour interval is (a)
0.5°C, (b) 1.0 mm d1, (c) 0.1 psu, (d) 0.2 kg r?, and (e) 10.0 m.

standard deviation dfaq; anomalies is approximately 1 mmreduced variability of SST tends to reduce that of precipita
d~1in the ITCZ, SPCZ, and western equatorial Pacific réion. This then further reduces the interannual variabit
gions (Fig. 2e), which is smaller than that of FWFA3.5 F/ . and thus exaggerates the damping effects of FWF ad-
mm d1) in the CTL experiment (Fig. 2b). However, suchustment on the interannual variability of total FWF int@th
FWF adjustment can decrease the standard deviati®,of ocean.

anomalies maximally to 2.0 mntd, which is partly through
its own compensating effects (Fig. 2d), and partly throu
reducing the standard deviation Bf,,g anomalies to about

1.0mm d* (Fig. 2e). Realistic ENSO simulations are still a challenging issue
The situation for La Nifia operates via a similar mechan CGCMs; various model factors have been identified that
nism, but in an opposite way. That is, the cooling of SSdan affect ENSO variability in the tropical Pacific climate
during La Niha tends to be suppressed due to the FWF &§stem, such as wind, heat flux, ocean biology, and TIWs.
justment (figures omitted). In recent years, the role played by FWF in ENSO has been of
Therefore, the FWF adjustment acts to weaken the intéficreased interest due to its significant effects on the ENSO
annual variability of SST through reducing that of FWF dushenomenon. Current CGCMs have common systematic bias
ing ENSO cycles. As the sign & is always opposite to in FWF; however, the extent to which the FWF bias can in-
that of ., Fiiy is directly reduced during ENSO evolutionfluence ENSO simulations in CGCMs has not been evaluated
The reduced variability of FWF acts to have direct effects an a clear way. In this study, the latest CESM (version 1.0) is
SSS, which further influence the density, and then the stesed to examine the effect induced by the bias of FWF into
bility of the mixed layer, the mixing, and entrainment; thé¢he tropical Pacific. In particular, we identify the influenc
modulated ocean processes act to reduce the variabilityobFWF exerted on the simulation of ENSO, and analyze the
SST. The damped effects on SST can be further strengthepedsible physical mechanism involved. The main results can
through SST-wind—thermocline positive feedback. The aibe summarized as follows: (1) By applying the FWF adjust-
sea interaction is fully coupled in the current study and theent method, the bias in interannual variability of FWF is

gé]. Concluding remarks
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Fig. 9. Spatial distributions for anomalies of composite El Nifvers for the FLX experiment in De-
cember: (a) SST; (b) total FWF into the ocean (including thgimal and adjusted part); (c) SSS; (d)
ocean surface density; (€) MLD. The contour interval is (80, (b) 1.0 mm d1, (c) 0.1 psu, (d) 0.2
kg m~3, and (e) 10.0 m.

effectively reduced during ENSO cycles; (2) Accompanigdfnog) into the ocean. The situation for La Nifia operates
with this, the too strong bias of interannual SST variapilitwith the same processes but in an opposite sense, acting to
is also significantly reduced; (3) The reductions for biasssippress the cooling of SST. Thus, the interannual vaitiabil
of FWF and SST in climatological fields are less obvious bef SST can be significantly reduced due to a relatively small
cause the long-term mean fields of FWF correction are almastrection of the FWF.
zero. Itis also interesting to note that the FLX experiment addi-
The mechanism involved with the FWF effects on ENS@onally leads to a reduction in the 2-yr-period bias on S5T,
can be summarized as follows: during El Niflo events, theng-standing problem puzzling the developers of CESM1.0,
positive FWFA into the ocean is directly reduced over thend also its predecessor in the CCSM series. The reason for
western and central equatorial Pacific when adding a resttnis is not the main focus of the current study, but will be
ing term whose sign is always opposite to that of the FWiiiscussed in detalil in a future paper. Taken together, these
itself. The reduced positive FWF anomaly during El Niflamprovements clearly highlight the important role playsd b
which results in less freshening in the upper ocean, actsR@/F in the interannual variability in the tropical PacificuO
make the mixed layer less stable and enhance the mixing aesults demonstrate that the feedback induced by FWF can
entrainment of cold water into the mixed layer. These imake a significant contribution to the interannual variabil
duced oceanic processes act to suppress the warming of 88 6f ENSO. The results from this CESM1.0-based model-
during EI Nifio. Such effects can be further amplified thdougng study are meaningful not only for interpreting the physi
the SST-wind—thermocline feedback, in which the weakenedl mechanisms through which FWF exerts influence on the
SST anomalies, themselves due to the enhanced vertical nERSO phenomenon, but also as an alternative way to im-
ing induced by the less FWF into the ocean, lead to a redugadve ENSO simulation in air—sea coupled models. Note that
zonal wind stress, shallower MLD, and thus less warminthe correction method for reducing the FWF used in the FLX
Also, the diminished SST warming during El Nifio tends texperiment is merely a sensitivity experiment aimed as#lu
reduce the precipitation, and thus reduce the original F\Wifating the effects that FWF has on ENSO in coupled sys-
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tems; we acknowledge that this is not an ideal solution to tropical Pacific climate in the HadGEMAsia-Pacific Jour-
solve the problem associated with FWF bias and ENSO sim-  nal of Atmospheric Science48, 457-463.

ulation. Indeed, some characteristics of ENSO become word#iang, B.Y., and V. M. Mehta, 2004: Response of the Indo-
in the FLX experiment [e.g., the large variability centettie Pacific warm pool to interannual variations in net atmosigher
Pacific is far too west (Fig. 4), and the Niflo1+2 variability gggg‘svgg';ilfeOphyS' Res109 C06022, doi: 10.1029/
becomes weak (Table_ DI, WhI.Ch together.hlghllght the COm-Hunke, E. C., and W. H. Lipscomb, 2008: CICE: The Los Alamos
plex nature (?f factors influencing ENSO simulation, and the sea ice model user’s manual, version 4. Los Alamos National
FWF correction cannot be treated as the panacea to solve all Laboratory Tech. Rep. LA-CC-06-012, 76 pp.

problems related to the simulation of ENSO. The best soluHurre”, J.W., J. J. Hack, D. Shea, J. M. Caron, and J. Roginsk

tion for removing the systematic error in FWF is to improve  2008: A new sea surface temperature and sea ice boundary
the physical parameterizations governing the air—seadote dataset for the community atmosphere modeClimate 21,

tions in the coupled models, but this kind of model improve-  5145-5153, doi: 10.1175/2008JCLI2292.1.

ment is a long-term process undertaken by large modelinigirtman, B. P., Y. Fan, and E. K. Schneider, 2002: The COLA
groups. Nevertheless, the current work is meaningful for pr global coupled and anomaly coupled ocean-atmosphere
viding clear evidence of the sensitivity of ENSO varialitid GCM. J. Climate 15, 2301-2320.

Pacific FWF adjustment, as well as an illustration of the posk@tif, M., and Coauthors, 1998: A review of the predictayind
sible underlying physical mechanism. prediction of ENSOJ. Geophys. Res103 14 375-14 393,

doi: 10.1029/97JC03413.
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