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ABSTRACT

The El Nino-Southern Oscillation (ENSO) is modulated by many factors; most previous studies have
emphasized the roles of wind stress and heat flux in the tropical Pacific. Freshwater flux (FWF) is another
environmental forcing to the ocean; its effect and the related ocean salinity variability in the ENSO region
have been of increased interest recently. Currently, accurate quantifications of the FWF roles in the climate
remain challenging; the related observations and coupled ocean-atmosphere modeling involve large elements
of uncertainty. In this study, we utilized satellite-based data to represent FWF-induced feedback in the
tropical Pacific climate system; we then incorporated these data into a hybrid coupled ocean-atmosphere
model (HCM) to quantify its effects on ENSO. A new mechanism was revealed by which interannual FWF
forcing modulates ENSO in a significant way. As a direct forcing, FWF exerts a significant influence on
the ocean through sea surface salinity (SSS) and buoyancy flux (Qg) in the western-central tropical Pacific.
The SSS perturbations directly induced by ENSO-related interannual FWF variability affect the stability
and mixing in the upper ocean. At the same time, the ENSO-induced FWF has a compensating effect on
heat flux, acting to reduce interannual @ variability during ENSO cycles. These FWF-induced processes
in the ocean tend to modulate the vertical mixing and entrainment in the upper ocean, enhancing cooling
during La Nifia and enhancing warming during El Nino, respectively. The interannual FWF forcing-induced
positive feedback acts to enhance ENSO amplitude and lengthen its time scales in the tropical Pacific coupled
climate system.
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1. Introduction ity worldwide. Numerous previous studies have iden-
tified roles of various forcings and feedbacks in ENSO

El Nino-Southern Oscillation (ENSO) is a natural — processes. For example, Bjerknes (1969) first identi-
phenomenon centered in the tropical Pacific that sig- fied a feedback loop associated with ENSO, involv-
nificantly impacts climate variability and predictabil- ing interactions among the winds, the thermocline,
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and sea surface temperature (SST) within the trop-
ical Pacific (i.e., the Bjerknes feedback). Many other
feedback processes have also been illustrated that can
contribute to modulations of ENSO, including ocean
biology-induced feedback (e.g., Timmermann and Jin,
2002; Zhang et al., 2009), tropical instability wave
(TIW)-induced feedback (e.g., Zhang and Busalacchi,
2008), and so on. It has been well established that
surface winds are a dominant driving force to ENSO
cycles in the tropical Pacific, whereas surface heat flux
acts as a negative feedback to the coupled system.

Another important atmospheric forcing to the
ocean is freshwater flux (FWF), which directly affects
sea surface salinity (SSS), a key variable in the interac-
tions among the Earth’s water cycle, ocean circulation,
and climate (e.g., Lagerloef, 2002; US CLIVAR Salin-
ity Working Group, 2007). Also, the FWF affects the
depth of the mixed layer (MLD) through its direct con-
tributions to buoyancy flux (Qp), which further affects
the entrainment of subsurface water into the mixed
layer. Through these oceanic processes, FWF can have
a significant role in climate variability in the tropi-
cal Pacific. Recently, various studies have shown that
FWF forcing and its related salinity variability in the
region are important to the tropical climate dynamics,
including data analyses (e.g., Maes et al., 2002; Del-
croix et al., 2007), ocean-only modeling experiments
(e.g., Murtugudde and Busalacchi, 1998; Yang et al.,
1999; Fedorov et al., 2004; Huang and Mehta, 2010),
and coupled ocean-atmosphere modeling experiments
(e.g., Zhang and Busalacchi, 2009; Hackert et al., 2011;
Yu et al., 2011).

ENSO has been observed to exhibit significant
modulations in its properties, including its amplitude
and time scales (e.g., Zhang et al., 2008; Collins et al.,
2010; Zhu et al., 2011). Although remarkable progress
has been made in ENSO studies over the past several
decades, the mechanisms for the modulations of ENSO
are still not completely understood. In the past, great
emphases have been placed on the roles of wind and
heat flux (e.g., Zhu et al., 2007), but much less on
those of FWF forcing and salinity effect. For example,
various coupled ocean—atmosphere models have been
developed for use in ENSO-related modeling studies,
including intermediate coupled models (ICMs), hybrid
coupled models (HCMs), and coupled general circula-
tion models (CGCMs). However, FWF forcing has not
been adequately represented in many state-of-the-art
coupled models. In particular, FWF has not been even
included in most ICMs and HCMs used for simulation
and prediction of ENSO (e.g., Zebiak and Cane, 1987;
Zhang et al., 2003; Zheng et al., 2007; see the sum-
mary of model ENSO forecasts at the International Re-
search Institute for Climate and Society (IRI) website:
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http://iri.columbia.edu/climate/ENSO/currentinfo/
update.html). In CGCMs, FWF forcing is indeed in-
cluded, but it has not been realistically represented.
In particular, the so-called double ITCZ (intertropi-
cal convergence zone) problem remains challenging to
CGCM simulations in the tropical Pacific.

Here, we continue to investigate the effects of FWF
forcing using remote sensing data and an improved
coupled ocean-atmosphere model with ocean biology-
induced feedback also explicitly taken into account
(Zhang et al., 2009). New results emerge in our HCM
simulations when these feedbacks are considered in a
coherent way; some results are presented briefly below.

2. Data and models

Some satellite-based data are used for FWF-related
feedback analyses and modeling studies. Monthly pre-
cipitation (P) data were acquired from the Global
Precipitation and Climatology Project (GPCP; Adler
et al., 2003); monthly evaporation (E) data were ob-
tained from the Objectively Analyzed Air-Sea Fluxes
(OAFlux; Yu and Weller, 2007). The P and E data for
the period 1979-2008 were used to derive freshwater
flux (FWF) fields, defined as P minus E (P — E; this
value is positive when there is a flux from the atmo-
sphere to the ocean). In addition, recent studies have
demonstrated that ocean biology (OB) in the tropical
Pacific can potentially affect the climate through the
penetration depth of sunlight in the upper ocean (H,),
a primary parameter in coupling biology to physics.
Here, ocean color data (McClain et al., 1998) were
used to estimate ocean biology-related H, fields to rep-
resent the bio-climate feedbacks in the coupled ocean-
atmosphere system of the tropical Pacific (Zhang et
al., 2009, 2011).

2.1 A hybrid coupled model (HCM)

A hybrid coupled model (HCM) was used to
demonstrate the modulating effects on ENSO that
can be induced by FWF and salinity variability in
the tropical Pacific. The HCM consists of an ocean
general circulation model (OGCM) and an empirical
model for interannual wind stress anomalies, whose
details can be found in Zhang et al. (2006, 2009),
and Zhang and Busalacchi (2009). Figure 1 illustrates
a schematic diagram for the HCM which explicitly
takes into account the related feedback effects in the
tropical Pacific climate system. In the hybrid cou-
pled modeling context, the total wind stress forcing to
the ocean can be separated into its climatological part
(Telim) and interannually anomaly part (Tipter), writ-
ten as T = Telim + Q7 Tinter. Oimilarly, the total FWF
exchange between the atmosphere and ocean is sep-
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Fig. 1. A schematic diagram illustrating a hybrid coupled model (HCM) used to demonstrate
the combined effects of freshwater flux (FWF) forcing and ocean biology (OB)-induced heating
on the tropical Pacific ocean—atmosphere system. The HCM consists of an OGCM and a sim-
plified atmospheric representation, whose three forcing fields to the ocean are included: wind
stress (7), freshwater flux (FWF), and heat flux (HF). The total wind stress (7) is separated
into its climatological (7clim) and interannual anomaly (Tinter) parts: T = Tclim + QrTinter- The
total FWF, represented by precipitation minus evaporation, (P — E), is also separated into its
prescribed climatological (P — E)cim and interannual anomaly [FWFinter or (P — E)inter] parts:
FWF = (P — E)ciim + arwr(P — E)inter. These fields have direct effects on sea surface salinity
(SSS) and buoyancy flux (@Qg). The heat flux (HF) is calculated using an advective atmospheric
mixed layer (AML) model. In addition, the climate system is affected by ocean biology in the
region, whose effects on ocean physics are simply represented by the attenuation depth of solar
radiation in the upper ocean (Hp); similarly, the total Hp field is separated into its climatological
part (Hp) and interannual anomaly part (H,): H, = Hy, + am, Hy,. Some scalar coefficients (-,
arwr, and « Hp) are introduced to represent the strength of the corresponding feedbacks of interest.
In this simplified coupled system, climatological fields [SSTciim, (P — E)ciim, and Hyp] are prescribed
to be seasonally varying; interannual anomaly fields [ﬁnte,r7 FWFinter and HP')] are diagnostically
determined from their corresponding empirical submodels, which are constructed using a singular
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value decomposition (SVD) analysis technique.

arated into its climatological part and interannually
anomaly part: FWF = (P — E)clim + arwr (PE)inter;
Hy, is also written as H, = Hp, + oszHl’). Climato-
logical parts (Tciim, (P — E)clim, and H,) are all pre-
scribed using their long-term climatological fields (i.e.,
seasonally varying) from corresponding observations;
interannual anomalies [Tinter, (P — F)inter, and HI/’]
are calculated using empirical submodels derived from
historical data. Some scalar parameters (o, apwr,
and ag,) are introduced to represent their feedback
intensities. To represent the related feedbacks with
a reasonable intensity, these scalar parameters were
adopted as follows: o, = 1.2, apwr = 1.0, and
apg, = 2.0 as explained in details by Zhang et al.
(2006, 2009) and Zhang and Busalacchi (2009), respec-
tively. Details of the interannual anomaly submodels
for FWF and H,, are presented below.

2.2 An empirical model for interannual FWF
variability

Interannual FWF anomalies in the tropical Pacific
are dominated by ENSO signals, as demonstrated in
Fig.2b from the GPCP and OAFlux data. During El
Nino, a warm SST anomaly causes an increase in P
over the western-central tropical Pacific, with a posi-
tive FWF anomaly into the ocean. During La Nina, a
cold SST anomaly is accompanied by a negative FWF
anomaly (a net loss of freshwater from the ocean),
which is primarily attributed to a deficit in P. Thus,
there exists a coherent pattern between interannual
variations in SST and FWF over the tropical Pacific,
with a dominant SST control on FWF.

The satellite-based P and E data are used to con-
struct an empirical parameterization for interannual
FWEF variability in the tropical Pacific (Zhang and
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Fig. 2. Anomaly fields along the equator during 1982-2008: (a) observed SST from Extended Re-
constructed Sea Surface Temperature (ERSST) data, (b) (P E) from the GPCP and OAFlux data,
and (c) (P E) constructed using the SVD-based empirical model from the SST anomalies shown
in (a). The contour interval is 0.5°C in (a), and 2 mm d~ in (b) and (c).

Busalacchi, 2009). To determine statistically opti-
mized empirical modes of interannual co-variabilities
between FWF and SST, a singular value decomposi-
tion (SVD) technique is adopted. The SVD analysis
is performed using historical SST and FWF anomaly
fields during the period 1979-2008 (a total of 30 years).
The seasonality is taken into account by constructing
seasonally dependent models for interannual (P — E)
variability, written as (P — E)inter: the SVD analy-

ses are performed separately for each calendar month,
and thus the (P — E)inter model consists of 12 different
submodels, one for each calendar month (e.g., Zhang
et al., 2006). From the consideration of the sequence
of the singular values and the reconstruction testing of
the FWF anomaly fields from SST anomalies, the first
five leading SVD modes are retained for the empiri-
cal model to have reasonable amplitude in estimating
(P — E)inter fields. Thus, given an SST anomaly, in-
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terannual FWF variability associated with ENSO can
be empirically determined in the tropical Pacific.

Figure 2c exhibits the FWF anomalies recon-
structed using the empirical FWF model from the
given SST anomalies (Fig.2a). The model very well
captures large-scale interannual (P — FE) variability
associated with ENSO evolution. For example, the
spatial pattern of large-scale FWF variability at the
mature phase of El Nino or La Nina events can be
depicted very realistically, with largest anomalies over
the ITCZ in the central and eastern tropical Pacific.
The amplitude of the reconstructed FWF anoma-
lies (Fig.2c) can be comparable to the original field
(Fig. 2b), with the reconstructed variance >70% in the
central and eastern tropics. Thus, most of the FWF
variability can be captured by the SVD-based empiri-
cal model from interannual SST anomalies. However,
the simulated FWF anomalies are somewhat weaker,
smoothed, and less noisy.

2.3 An empirical model for the penetration
depth (H,) related with ocean biology-
induced heating

Recent observational and modeling studies have
demonstrated that ocean biology can potentially affect
the climate in the tropical Pacific (e.g., Chavez, 1999;
Murtugudde et al., 2002; Ballabrera-Poy et al., 2007).
Following Murtugudde et al. (2002) and Ballabrera-
Poy et al. (2007), the effect can be simply represented
by H,, a primary parameter in coupling biology to
physics. Now, Hj, can be derived using chlorophyll
(Chl) content data that are available from ocean color
imagery since 1997 (e.g., McClain et al., 1998). In this
study, Chl concentration data from SeaWiFS during
the period September 1997—April 2007 were used to
characterize interannual H, variability in the tropical
Pacific and to quantify its relationships with physi-
cal fields. In particular, an empirical model for in-
terannual H, variability was derived from satellite
ocean color data to represent a coupled bioclimate
feedback in the tropical Pacific (Zhang et al., 2009,
2011). This statistical modeling approach allows diag-
nostic determination of interannual H,, variations from
SST anomalies without explicitly involving a compre-
hensive marine ecosystem model. As such, the re-
lated ocean biology-induced heating effect on ENSO
can be taken into account in the hybrid coupled ocean-
atmosphere modeling system of the tropical Pacific
(Zhang et al., 2006).

2.4 Model experiments

The OGCM was initiated from the World Ocean
Atlas (WOAO01) temperature and salinity fields, and
was integrated for 20 years using atmospheric cli-
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matological forcing fields. A hybrid coupled ocean-
atmosphere experiment was then started from this
OGCM spinup run, with an imposed westerly wind
anomaly for 8 months (Zhang et al., 2006). Thereafter,
the evolution of the coupled system was determined
solely by coupled ocean-atmosphere interactions in the
tropical Pacific. The coupled model was integrated for
30 years; the end of this 30-year simulation was arbi-
trarily denoted as year 2024. As shown by Zhang et al.
(2006), the model has the ability to depict interannual
oscillations associated with ENSO.

To illustrate the effects of interannual FWF forc-
ing, two HCM simulations were performed. A ref-
erence run was performed, denoted as FWF j,ier, in
which both interannual FWF and Hj, anomalies were
diagnostically determined using their respective empir-
ical submodels for the HCM (Fig. 1). Another climato-
logical FWF run was performed, denoted as FWF (i,
in which FWF was prescribed to have seasonally vary-
ing climatology [i.e., the (P — E)inter field is not taken
into account and thus the related interannually varying
FWF feedback was excluded]. These two experiments
were started from the end of the 30-year coupled sim-
ulation (year 2024) and continued to year 2070.

3. Impacts of interannual FWF variability on
ENSO

Examples of simulated fields from the two runs are
shown in Figs. 3-7. The HCM produced well the mean
ocean climatology and its variability in the tropical Pa-
cific. Climatological features in the region included the
warm pool in the west and the cold tongue in the east
(Fig. 3). Seasonally, large variations in SST occurred
in the eastern equatorial Pacific: warming took place
during the spring and cooling occurred during the fall.
Fresh waters were located in the far western equato-
rial Pacific; saline waters were located in the central
basin, with a front near the date line (Fig.4). The
mixed layer was deep in the west but shallow in the
east (not shown).

Furthermore, the HCM simulations also quite re-
alistically depicted interannual oscillations with a ~4-
year period (Fig.5). As well known, interannual vari-
ability in the tropical Pacific is dominated by ENSO
events, which are determined by the coupling among
SST, winds and the thermocline (e.g., Bjerknes, 1969).
In the results from our model, large longitudinal dis-
placements were clearly evident of the warm/fresh pool
in the west and the cold tongue in the eastern equa-
torial Pacific (Figs.3-4). During El Nifo, the cold
tongue shrank in the east; warm waters in the west
extended eastward along the equator, with the 26°C
isotherm of SST moving east of 130°W. During La
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Fig. 3. The total SST fields along the equator simulated in the (a) FWF jnier and (b) FWF ciim

runs. The contour interval is 0.5°C.

Nina, the warm pool retreated to the west; whereas
the cold tongue developed anomalously strongly in the
east and expanded westward along the equator, with
the 25°C isotherm of SST moving west of 150°W. With
these changes in SST, SSS had its largest variability
around the eastern edge of the warm pool near the
date line (Fig.4). Associated with ENSO events, the
SSS front near the date line also moved back and forth
along the equator. During El Nino, a freshening oc-

curred in the western and central basin, accompanied
by its extension along the equator eastward beyond
the date line. The interannual SSS variability was
closely associated with FWF forcing which underwent
large variations during ENSO cycles (Fig.6a). These
modeling simulations also show that the largest vari-
ability regions of SSS (Fig.6b) were in the western-
central basin, while those of SST were located in the
central and eastern equatorial Pacific (Fig.5a). The
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overall time scale of interannual variability simulated
from this HCM, the spatio-temporal evolution, and
the coherent phase relationships among various at-
mospheric and oceanic anomalies are consistent with
observations, which have been extensively described
(e.g., Zhang and Rothstein, 1998; Delcroix and Picaut,
1998).

Our comparison of these two runs also indicates

that the FWF-induced climate feedback exerted a
significant influence on interannual variability in the
HCM simulations, which was evident in the FWF i, er
and FWF (i, runs (Figs.3-7). When the HCM
started from the same initial condition, arbitrarily de-
noted as January 2024, the two HCM runs showed
clear differences after several years of integration. For
example, the SST evolution started to have notice-
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able differences in year 2032 and continues to show a
systematic difference thereafter. In particular, a sig-
nificant modulating effect emerged on ENSO ampli-
tude and oscillation periods (e.g., Fig.5). As evident
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in the comparisons from Figs. 3-7, interannual vari-
ability in the FWF ji, run was substantially weaker;
sometimes the amplitude of an individual ENSO event,
represented by the Nino3.4 SST anomalies, caused a
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difference of >30% (e.g., in year 2032). Moreover,
the two runs exhibited clear phase differences as well.
For example, the ENSO time scale had a tendency
to run shorter in FWF i, than in FWF e, indi-
cating that the FWF-induced feedback effect caused
a clear change in oscillation periods. The commonly
used Nino indices at the Nino3.4 site were used to
quantify the dominant time scales of interannual vari-
ability. As shown in Fig. 5c from a wavelet analysis,
the interannual variability had a sharp peak at 4.5

years in the FWF i, run, but had a sharp peak at
4.3 years in the FWF ();, run, with a difference of ~4
months in oscillation periods. These results indicate
that the FWF-induced feedback effects tend to modu-
late the ENSO time scales. Some of these effects were
not seen in Zhang and Busalacchi (2009) and Zhang et
al. (2009), where the two feedbacks induced by FWF
and ocean biology were separately represented in these
HCM modeling studies.

The effects were further quantified (Table 1). For

Table 1. The standard deviation of some selected anomaly fields in the FWF i ter Tun and FWF iy, run. Shown are
for SST, zonal wind stress (1) , and SSS at some selected Nifio regions. The units are °C for SST, 107° N cm™2 for 7,

and psu for SSS.

SST
Nino4 Nino3.4 Nino3
FWF inter 0.96 0.97 0.84
FWF cim 0.78 0.72 0.62

Ta SSS

Nifnol.2 Nino4 Nino4
0.58 0.21 0.19
0.46 0.16 0.13
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account, Qs = 0.0 and thus @B = Q7. Also note that due to a compensating effect of interannual
FWF forcing on Q, the resultant Qg anomaly in the FWF i,er run is less negative during El Nifio
and less positive during La Nina (Fig. 7b), as compared with the FWF cim run. As a result, the
standard deviation of interannual ) variability calculated from these two HCM simulations during
a 31-year period (from 2024 to 2054) is 1.22x107% kg s m~? in the FWF jner run and 1.34x 1076
kg s ! m~2 in the FWF qim run, respectively.

example, the standard deviations of Nino3 and Nino4
SST anomalies were 0.62°C and 0.78°C, respectively,
in the FWF (5 run; they were 0.84°C and 0.96°C,
respectively, in the FWF ;e Tun. Relative to the
FWF (im run, these values represent an increase of
~19% and 24% for the Nino3 and Nino4 SST anoma-
lies in the FWF e run, respectively. Also, the stan-
dard deviation of the Nino4 zonal wind stress was
0.16 x 107® N em ™2 in the FWF iy run; it increased

to 0.21 x 107> N em~? in the FWF e Tun (an in-
crease by 31% in terms of wind stress variability).
Also, the standard deviation of interannual SSS vari-
ability at the Nifio4 site was 0.13 (1 psu=10"2) in the
FWF (i run; it increased to 0.19 psu in the FWF j¢0r
run, representing an increase of 46%. Thus, a sig-
nificant fraction of the SST, surface wind, and SSS
variability can be attributed to interannual FWF forc-
ing effect. Note that in the FWF e run in which



NO. 4

apwr = 1.0 was taken to represent the FWF feed-
back, the simulated interannual FWF variability was
substantially underestimated (Fig.6a) compared with
that estimated from observations (e.g., Fig.2b). If
the FWF-induced feedback intensity was increased
to a reasonable level by using a larger apwr (e.g.,
apwr = 2.0, cf. Zhang and Busalacchi, 2009), the re-
sultant FWF-induced feedback effects on interannual
variability in the HCM simulation would be expected
to be stronger (as clearly demonstrated by Zhang and
Busalacchi, 2009).

More analyses of phase relationships among inter-
annual anomalies can be used to explain the interan-
nual FWF forcing effect on the modulation of ENSO.
It is well known that FWF exerts a direct influence
on SSS and buoyancy flux (@g) in the ocean. SSS is
a state variable of the ocean that is controlled by the
conservation equation of salt, an important variable to
determine the oceanic density field, which in turn in-
fluences the upper ocean stability and vertical mixing.
()B at the sea surface can be written as

Qs = oHF/(pc,) + BSoFWF = Q1 + Qs

where HF is the net heat flux, FWF = (P — E) is the
net freshwater flux, @ and (3 are the thermal and ha-
line coefficients of expansion, Sy is the reference sur-
face salinity, c, is the heat capacity, p is density of
sea water. The convention used here is that positive
buoyancy flux corresponds to an influx into the sea
surface (a positive anomaly) so that the surface layer
becomes more buoyant (or lighter) with reduced (up-
ward) buoyant force. As expressed, @p at the sea sur-
face results from a net contribution of the heat flux
part (Qr) and freshwater flux part (Qg); this field
serves as a direct forcing at the ocean-atmosphere in-
terface that, together with wind, controls the evolution
of MLD, which affects the entrainment of subsurface
cold water into the mixed layer.

Figures 6 and 7 illustrate interannual variations in
some related fields from the HCM simulations, includ-
ing these flux components (i.e., Qg, QT, and Q). In
the FWF jnte; run, these flux components exhibited
coherent interannual variations during ENSO cycles.
In the western-central tropical Pacific, FWF signifi-
cantly contributed to @p: the amplitude of interan-
nual variability of Qs was ~30% that of @t (Fig. 7a).
Furthermore, interannual variations in Qg were anti-
correlated with those in @t during ENSO evolution
(Fig. 7a). During El Nino, when warm SST anoma-
lies were located in the central and eastern equato-
rial Pacific, a negative QT anomaly and a positive
Qs anomaly were seen in the western-central basin
(Fig. 7a), with the latter (Qg) acting to reduce the
amplitude of the former (Q) directly. Due to the
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dominance of Q1 over (Jg in contributing to Qp, a
negative @p anomaly was seen during El Nino (Fig. 7b;
an anomalous loss of Qp out of the ocean). Note that
the direct offsetting effect of the positive Qg anomaly
on the negative QT anomaly made Qg less negative
during El Nifio in the FWF jute; run (Fig. 7b), which
acted to decrease the MLD and reduce the entrainment
of subsurface cold water into the mixed layer. During
La Nina, cold SST anomalies were associated with a
positive @1 anomaly and a negative Qs anomaly in
the western-central basin (Fig. 7a). The resultant Qp
anomaly was positive (an anomalous gain of @p into
the ocean). The offsetting effect of the negative Qg
anomaly on the positive Q1 anomaly led to the inter-
annual Qg anomaly that was less positive during La
Nifia in the FWF iy run (Fig. 7b), which acted to
deepen the mixed layer and enhance the entrainment
of subsurface cold water into the mixed layer. Thus,
interannual FWF anomaly had a direct compensating
effect on Q1 during ENSO cycles, causing reduced in-
terannual QO variability, and modulation of the MLD
and entrainment of subsurface cold water in the upper
ocean.

Note that in the FWF ey run, the explicitly
included interannual FWF forcing tended to induce
stronger SST variability, which, in turn, caused larger
interannual variability of heat flux (Qr in Fig.7a), as
compared with the FWF ., run (Fig.7b). As the
amplitude of interannual Q1 variability increased, its
contributing effects on @p increased as well, which
should have led to an increase in interannual Qg vari-
ability in the FWF jpter run relative to the FWF i,
run. However, as seen in Fig. 7b, this was not the case.
Although interannual @ variability increased as a re-
sult of the FWF forcing effect on ENSO, the ampli-
tude of interannual Q)p variability did not increase as
with Qr; instead, the net contributions of Qg and Qr
resulted in a reduction in interannual Qp variability
(Fig. 7b). Quantitatively estimated, the standard de-
viation of Qs was 0.75 in the FWF j,e, run (the units
for these values are all in 1076 kg s™! m™?2), whereas
it was 0.0 in the FWF (), run (i.e., the interannual
FWF forcing was not taken into account). The corre-
sponding standard deviations of Qg and Q1 were 1.22
and 1.64, resepectively, in the FWF i1, run, and 1.34
and 1.34, respectively, in the FWF .y, run.

These results can be utilized to illustrate a positive
feedback between FWF and SST during ENSO cycles
as follows (Fig.8). ENSO cycles are characterized by
SST anomalies over the equatorial regions, which in-
duce a pronounced FWF response in the western and
central basin, as represented by large interannual pre-
cipitation variability (Fig.2). For example, during La
Nina when SSTs are low in the eastern and central
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Fig. 8. A schematic diagram illustrating processes involved in the ef-
fects of a negative FWF anomaly induced by La Nifia event.

tropical Pacific, a negative FWF anomaly is seen in the
western and central basin (Fig.6a). Its direct effects
lead to salty surface waters; the induced changes in
density (more dense in the mixed layer) act to weaken
the stratification and thus destabilize the upper ocean,
leading to increased vertical mixing at the base of the
mixed layer. At the same time, the negative FWF
anomaly makes the interannual Qg anomaly less pos-
itive, which acts to deepen the mixed layer (ML) and
enhance the entrainment of subsurface waters into the
mixed layer. Through these direct effects of interannal
FWF forcing on SSS and @p, the induced processes
in the ocean tend to strengthen the vertical mixing
and entrainment in the upper ocean. This acts to en-
hance the La Nina-related cold SST anomalies, with
the Bjerknes feedback favoring further increase in up-
welling and SST cooling. The effects of a positive
FWEF anomaly on El Nino can be also seen, but with
the opposite effects. As a result, interannual FWF
forcing tends to induce additional oceanic processes in
the HCM that act to enhance the positive SST-wind—
thermocline interactions, thus increasing the strength
of interannual variability during ENSO cycles.

4. Concluding remarks

Understanding changes in the properties of ENSO
remains a long-standing issue. Previous studies have

focused on the role of wind and heat flux in the mod-
ulations of ENSO. As an important atmospheric forc-
ing to the ocean, FWF has received increased atten-
tion in recent years due to its roles in ENSO processes
and in support of satellite mission for remote sensing
of precipitation and SSS (e.g., Lagerloef, 2002). In
this study, we focused on the roles interannual FWF
forcing plays in ENSO. Historical FWF data were uti-
lized to develop an empirical model for representing
FWF-induced climate feedback in the tropical Pacific.
The derived FWF model was then incorporated into a
basin-scale hybrid coupled ocean-atmosphere model in
which ocean biology-induced feedback was also explic-
itly represented. Our results have demonstrated that
FWF forcing can have significant effects on interan-
nual variability, with positive feedback acting to en-
hance ENSO amplitude and lengthen its time scales.
This mechanism can be explained as follows. Dur-
ing La Nina, a negative FWF anomaly leads to an
increase in SSS and a reduced positive g anomaly in
the western-central basin. The former (through SSS)
acts to increase the oceanic density fields, which desta-
bilizes the upper ocean and enhances the vertical mix-
ing; the latter (through Q) acts to increase the MLD,
with more entrainment of cold subsurface water into
the mixed layer. These related ocean processes act
to strengthen the vertical mixing and entrainment in
the upper ocean, which further enhance the cold SST
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anomalies associated with the La Nina event. The
effects of a positive FWF anomaly on El Nino can
be seen similarly but with opposite effect. That is to
say, the interannual FWF forcing-induced oceanic pro-
cesses lead to more cooling during La Nina and more
warming during El Nino in the tropical Pacific. This
acts to enhance the positive SST—wind-thermocline in-
teractions, with increased interannual variability and
lengthened oscillation periods in the FWF 40, Tun in
which the interannual FWF' forcing is taken into ac-
count.

These results support the view that the FWF-
induced feedback and salinity variability can be a new
contributor to ENSO variability. The large effects
on ENSO demonstrated here indicate a clear need to
adequately take into account this forcing in coupled
ocean-atmosphere models. As FWF forcing has not
been accurately included in most ICMs (e.g., Zheng
et al., 2006, 2007, 2009; Zheng and Zhu, 2010) and
HCMs (Zhang et al., 2006; Zhu et al., 2011) used for
ENSO simulation and prediction, the empirical FWF
model derived from satellite data in this work provides
a simple way to parameterize the FWF feedback that
can be easily incorporated into any coupled ocean—
atmosphere model. Also, because this forcing signifi-
cantly modulates ENSO, misrepresentations of FWF-
induced feedback are a clear source of model biases
in the tropical Pacific. Further modeling studies are
underway to address these issues.
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