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Abstract

Freshwater flux (FWF) at the sea surface, defined as precipitation minus evaporation, is a major atmospheric forcing to the ocean
that affects sea surface salinity (SSS) and buoyancy flux (Qg). Physically, there exist two pathways through which interannual
FWF variability can affect the ocean: one through SSS and the other through Qg. The roles of the interannual FWF variability in
modulating the El Nifio-Southern Oscillation (ENSO) through its effects on SSS or Qg are separately examined using a hybrid
coupled model (HCM) of the tropical Pacific; its ocean component is a layer model in which the topmost layer (the first layer)
is treated as a mixed layer (ML) whose depth (H,,) is explicitly predicted using an embedded bulk ML model with H  being
directly affected by Qg, whereas in level ocean models, Qp does not have a direct and explicit effect on H,,. Four experiments
are conducted using the HCM that is designed to illustrate the effects of these processes on coupled simulations systematically.
It is demonstrated that interannual FWF variability serves as a positive feedback on ENSO through its collective effects on both
SSS and Qg. Individually, the interannual FWF effect through SSS accounts for about 80% in terms of ENSO amplitude in the
Nifio 3.4 area, while that through buoyancy flux accounts for about 26%. This indicates that ocean models without explicitly
taking into account the direct FWF effect on Qp (typically in level ocean models) could underestimate the positive feedback on
ENSO compared with layer ocean models in which the FWF effects are collectively represented on both SSS and Q. Further
implications for model biases associated with FWF effects are discussed.
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1 Introduction ecological consequences (Latif and Keenlyside 2009).

ENSO is an air-sea interaction phenomenon, whose

The El Nifio-Southern Oscillation (ENSO), centered in the
tropical Pacific, is the strongest interannual signal of the
climate system (Bjeknes 1969), and it plays an important
role in climate change and extreme climate disaster with
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coupling is realized through the flux exchanges among
momentum, energy and water at the sea surface (Wille-
brand 1993). Three major atmospheric driving forces to
the ocean are fluxes of momentum, heat and freshwater,
which act to produce and modulate ENSO (e.g., Zhang and
Busalacchi 2009a). Indeed, ENSO has been observed to
exhibit modulations and diversity (Capotondi et al. 2015;
Chen et al. 2015). Many climate models can simulate
ENSO variations with varying success, but biases still per-
sist in simulations of the mean state and interannual vari-
ability, including the frequency, amplitude and structure
of ENSO (Ren et al. 2016). Note that the existing biases
in ENSO simulation and prediction are strongly model
dependent (Zhang and Gao 2016). In the past, many stud-
ies have emphasized the forcing effects of wind stress and
heat flux (Waliser et al. 1994; Xie and Philander 1994); the
atmospheric freshwater flux (FWF) forcing effect on the
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ocean has been less focused in studies of ENSO modula-
tions in the coupled system.

In the tropical Pacific, FWF at the sea surface, here
defined as precipitation (P) minus evaporation (E), written
as FWF = P — E, undergoes strong interannual variability,
which is closely related to ENSO (Vialard et al. 2002; Wu
et al. 2010; Zhi et al. 2015). During El Nifio phase, for
example, a pronounced positive FWF anomaly occurs in
the central equatorial Pacific where the combination of
climatological warm SSTs with positive SST anomalies
maximizes convection and rainfall. Conversely, during La
Niifia phase, there is an obvious negative FWF anomaly in
the central equatorial Pacific as the cold tongue extends
further westward along with the warm pool convection
contracting further to the west. FWF anomalies appear as
atmospheric responses to ENSO, but simultaneously could
have a feedback on ENSO (Zhang et al. 2015, 2019).

Physically, a FWF feedback on ENSO can be real-
ized through its effects on sea surface salinity (SSS) and
buoyancy flux (Qp; Zhang and Busalacchi 2009a). Firstly,
FWEF directly affects the upper ocean salinity, which is an
important field affecting stratification and vertical mix-
ing (Miller 1976; Zheng and Zhang 2015). For example,
the barrier layer resulting from FWF and salinity strati-
fication in the warm pool can isolate the warm water in
the upper ocean by inhibiting the subsurface cold waters
entrained into the mixed layer (ML), and thus reduce the
vertical mixing (Maes et al. 2002). Previous studies show
that variations in FWF and the related SSS effects play
an important role in the climate mean state and variabil-
ity in the tropical Pacific, through affecting the horizontal
pressure gradient, vertical stratification and mixing (Kes-
sler 1999; Cravatte et al. 2009). Secondly, FWF is one
part of Qg, which has a direct effect on the ML dynamics.
Because ML formulation is related to the wind stirring and
the net buoyancy flux in the tropical Pacific, Qp partially
determines the turbulent kinetic energy balance in the ML
and thus the entrainment of subsurface waters at base of
the ML (Chen et al. 1994). So, Qg is a field that directly
determines the mixing in the upper ocean (Lumpkin and
Speer 2007) and subsurface water entrainment into the
mixed layer (Lupton et al. 1985), thus affecting the mixed
layer depth (MLD). In terms of FWF role, the two different
ways exist in which ENSO can be modulated through its
effects on SSS and Qpg, respectively. However, it is difficult
to distinguish the roles played by interannual FWF vari-
ability in modulating ENSO either through its effects on
SSS or Qg based on observation; model simulations can
be conducted to address these issues.

Large uncertainties exist in representing the FWF effects
in ocean models (Kang et al. 2017), which strongly depend
on model formulations. For example, the simulated SSS
structure is found to be quite sensitive to the ways the FWF

@ Springer

forcing is represented (Vialard and Delecluse 1998). Cou-
pled models used in the Intergovernmental Panel for Climate
Change 4th Assessment Report (IPCC AR4) show large
model biases that still exist in simulations of SSS mean state
and interannual variability (Delcroix et al. 2011), which is
very sensitively dependent on the way FWF-related feedback
processes are represented in ocean models.

The ocean models can be classified into level ocean mod-
els and layer ocean models (e. g., Chen et al. 1994; Zhu and
Zhang 2018). One difference in these model constructions
lies in the way the atmospheric forcing fields (including
FWF) are affecting the upper ocean, and the surface mixed
layer is represented and realized in simulation. For example,
in the level ocean models [e. g., the version 5 of Modular
Ocean Model (MOMYS) developed at GFDL/NOAA], the
model layer depth and thickness of each layer (including
the topmost surface layer) are fixed to be constant; the MLLD
is not a prognostic variable and is not directly affected by
FWF and Qg. The well mixed layer at the sea surface is
realized in the model by coefficients-based mixing effects
of atmospheric forcings as follows. The atmospheric forc-
ing is first applied to the topmost model level with a fixed
thickness (say 10 m), and then penetrated vertically down
to the subsurface level based on the vertical mixing coef-
ficient estimated by the turbulent closure model (e.g., Large
et al. 1994). On the other hand, in the layer ocean models in
which the first layer is treated as a mixed layer determined
by a bulk mixed layer model, Qg can directly affect ML,
whose thickness is allowed to vary in space and time (Chen
et al. 1994). As such, the atmospheric forcing effects are
homogeneously distributed over the whole mixed layer in
the layer model. As such, the different mixed layer formu-
lations in the layer and level ocean models affect the way
the atmospheric forcing is represented, and thus affect the
upper layer ocean simulations. It is therefore important to
understand the sensitivity to ways the effects of atmospheric
forcing fields including FWF are adequately represented in
ocean and coupled modeling.

Our previous work has investigated the modulation of
FWF on ENSO using a hybrid coupled model (HCM) of the
tropical Pacific (Zhang and Busalacchi 2009a). The HCM
consists of an ocean general circulation model (OGCM)
and simplified atmospheric models. The OGCM, originally
developed by Gent and Cane (1989), is a sigma coordinate
layer model in which the first layer is assigned to be a mixed
layer, whose depth is explicitly and directly affected by Qg
as represented by a bulk ML model (Chen et al. 1994). The
layer OGCM takes into account the mixed layer dynamics
and explicitly predicts MLD variation; this is contrasted to
level models (e. g., the MOMS) in which the effect of Qg
on MLD is not explicitly accounted for. The layer ocean
model with the bulk ML explicitly represented is then cou-
pled to a simplified atmospheric model consisting of three
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components: wind stress anomaly is calculated using a sta-
tistical model constructed from singular value decomposi-
tion (SVD) analysis (Zhang et al. 2006); heat flux is calcu-
lated from an advective atmospheric mixed layer (AML)
model (Seager et al. 1995); interannual variation of FWF is
calculated using a statistical model that is also constructed
from SVD method (Zhang and Busalacchi 2009a). Here,
the HCM is used to illustrate the roles of interannual FWF
variability in modulating ENSO through its effects either
on SSS or Q.

Based on our previous studies, the oceanic processes
responsible for ENSO modulations induced by interannual
FWF variability can be summarized as follows. During El
Nifio, a warm SST anomaly is observed in the eastern and
central equatorial Pacific, accompanied with a positive FWF
anomaly in the western and central equatorial Pacific, which
directly affects SSS and Qjg, respectively. It further decreases
the density with shoaling of the mixed layer, which strength-
ens the vertical stratification and weakens the entrainment
of subsurface waters into mixed layer, sequentially weak-
ening vertical mixing. These oceanic processes induced by
the positive FWF anomaly further strengthen the warm SST
anomaly, which in turn induces atmospheric responses in
the coupled air-sea system, producing a positive feedback
on ENSO (Zhang et al. 2015). Correspondingly, there exist
two influence pathways which can be induced by interannual
FWEF variability on the ocean: one through SSS and the other
through Qp, respectively.

However, the individual role of each influence pathway
played in the ENSO modulations has not been illustrated
and the related effects have not been quantified. In order to
quantitatively and clearly illustrate differently represented
freshwater flux effects on ENSO, four experiments are con-
ducted using the HCM to isolate each effect individually,
in which SSS and/or Qg can be affected by interannually
varying and climatological FWF effects, respectively. Some
specific questions are to be clarified from the four experi-
ments: What are the biases induced by differently repre-
sented interannual FWF variability in the HCM? How can
ENSO be quantitatively modulated by interannually vary-
ing FWF effects on SSS and Qg, respectively? Does ENSO
amplitude modulation collectively induced by FWF effects
on SSS and Qg both change linearly with that individually
induced by the effect on SSS or Qg, respectively? What are
possible biases in simulations using level ocean models that
can be related to interannual FWF forcing-induced effect
on the ocean through the Qg pathway compared with layer
ocean models?

This paper is organized as follows. Section 2 describes
the model used and the experimental design. Section 3 illus-
trates the model performance and effects on ENSO induced
by interannually varying FWF. Section 4 demonstrates the
effects on ENSO individually induced by FWF through the

SSS pathway or Qg pathway, respectively. The summary and
discussion are presented in Sect. 5.

2 Model description and experimental
design

To separately and clearly quantify the roles of interannual
FWF variability in modulating ENSO through its effects
either on SSS or Qp, four experiments are conducted using
a hybrid coupled model (HCM) with differently represented
FWF effects on the ocean through SSS or Qg. The model
used and experimental design are briefly described in this
section.

2.1 Description of the hybrid coupled model

The HCM used here consists of a layer ocean general circu-
lation model (OGCM) and simplified atmospheric models.
A schematic diagram of the HCM is shown in Fig. 1. The
atmospheric models which determine the atmospheric sur-
face forcings to the ocean include a statistical atmospheric
wind stress anomaly model, an advection atmospheric mixed
layer model (AML) for calculating heat flux (Murtugudde
et al. 1996; Seager et al. 1995) and a statistical FWF anom-
aly model, respectively. The OGCM, the AML and the HCM
all have been used extensively in our previous studies of
the tropical Pacific (e.g., Karnauskas and Busalacchi 2009;
Karnauskas et al. 2008).

The OGCM is a layer model originally developed by Gent
and Cane (1989) for the upper ocean. It adopts a reduced
gravity approximation based on ¢ coordinate in the vertical
direction, divided into 20 layers; the first layer is a mixed
layer. One main feature with the OGCM includes an embed-
ded bulk model for the mixed layer, whose depth is explicitly
predicted (Chen et al. 1994), a better representation of the
mixed layer dynamics (Zhang and Zebiak 2002). As con-
structed, the bulk mixed layer model is used to determine
the MLD (the thickness of the first layer). There are 19 layers
below the mixed layer, which are determined by ¢ coor-
dinate, with the thicknesses of 2—10 layers being between
5 and 10 m. Further improvements have been made in the
OGCM. For example, the mixing processes in the upper
ocean consist of Kraus-Turner mixed layer model (Chen
et al. 1994) and Price dynamic instability model (Kraus and
Turner 1967, Price et al. 1986). Thus, the model can well
simulate the three major processes of vertical turbulent mix-
ing, including wind stirring, shear instability and convective
instability, respectively. Additionally, the optimized spatial-
varying coefficient of wind stirring based on observation
is adopted (Zhu and Zhang 2018), which can improve the
simulation of MLD.
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Fig.1 A schematic diagram showing the components of HCM to
illustrate the effect of FWF in the tropical Pacific air-sea coupled sys-
tem. The HCM consists an ocean general circulation model (OGCM)
and simplified atmospheric models. The atmospheric forcing fields to
the OGCM include three parts: wind stress, heat flux and FWF. The
wind stress field is written as 7 = 7, + Tiyer + Trws Which consists
of the seasonal climatology part (z;,,), interannual wind stress anom-

clim
alies (7j,,,) calculated using interannual SST anomalies, and tropical

instability wave (TIW)-induced wind stress perturbations (7). The

The horizontal domain of OGCM is 120° E-76° W, 30°
S-30° N, with the resolution about 1° in the central basin
and being gradually enhanced to 0.4° in the west and east
boundary regions in the zonal direction, and about 0.3°-0.6°
between 30° S and 30° N and being gradually increased to 2°
in the north and south boundaries. Temperature, salinity and
other variables are all restored to World Ocean Atlas 1998
(WOA98) climatology at sponge boundaries (within 10° of
the north and south boundaries). The penetration depth (Hp)
of sunlight into the upper ocean is prescribed to be season-
ally dependent climatology determined by historical ocean
color data (Zhang 2015).

The statistical atmospheric anomaly model consists of
an interannual anomaly model and tropical instability wave
(TIW)-induced perturbation model for wind stress, and a
FWF anomaly model. Heat Flux is calculated by the advection
atmospheric mixed layer model (Seager et al. 1995). The full
field of wind stress (7) can be written as 7 = 7, + Tiper + 7
Trw» 10 Which 7, is seasonally varying climatological wind
stress prescribed from observation, 7y, is interannual wind
stress anomaly, and 7y, is wind stress perturbation induced by
TIW. 7;,,., is empirically related to interannual SST vatiation

nter
(denoted as SST. ), written as . x F_(SST

inter. inter = Yinter inler) ’

@ Springer

=SST-SST,;

(Gent & Cane)

Freshwater Flux
(P-E), it

Density/Mixing
/Entrainment

heat flux is calculated using the advective atmospheric mixed layer
(AML) model developed by Seager et al. (1995). The FWF filed is
written as FWF = (P — E);,, + (P — BE)jyr» in which (P — E);,, is
the seasonal climatology part and (P — E), ., is interannual anomalies
part calculated using a statistical model from interannual SST anoma-
lies. The fields directly influenced by FWF on the ocean include SSS
and buoyance flux (Qg), which together affect the ocean density, mix-
ing and entrainment of subsurface water into the mixed layer

in which F, is the relationship between interannual anoma-
lies of 7 and SST which can be derived using SVD method
from historical data; seasonally dependent model for 7;,., is
adopted (Zhang and Zebiak 2004). A scalar parameter, o.,,
is introduced to represent the intensity of interannual wind
forcing; o, 1s taken as 1.18 (0t = 1.18). Ty is wind stress
perturbation induced by TIW, written as 7w = 0w X Frw
(SSTw), a statistical model which is constructed based on
SVD analysis using 12° zonal smooth filtered daily Quick
Scatterometer (QuikSCAT) wind stress (zrpy) and Tropical
Rainfall Measuring Mission (TRMM) Microwave Imager
(TMI) SST (SSTqw) data covering the eastern Pacific (10°
S—10° N, 180°-90° W) (Zhang and Busalacchi 2009b). Fyy
is the relationship between the TIW-scale wind stress ()
and SST (SSTw); 0w 1S introduced to represent the intensity
of TIW wind forcing. Here, oy, is taken as 3.0 (o = 3.0).

In the tropical Pacific, FWF, here defined as precipita-
tion (P) minus evaporation (E), exhibits strong interannual
variability, which is closely related to ENSO. The full field
of FWF can be decomposed into seasonal climatological part
((P — E) ) and interannual anomaly part (P — E);,..), writ-
ten as FWF = (P — E);,, + (P — E);o- The interannual
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variation of FWF is calculated by a statistical model based on
SVD analysis using historical FWF and SST anomaly data,
written as (P — E);p.; = Opwp X Fpwp(SSTyer)- A parameter,
Opwp 18 introduced to represent the coupled intensity between
FWEF and SST. Here, oy is taken as 1.5 (opyp = 1.5). In
order to take into consideration of seasonal variations, 12 sub-
models for (P — E),, are constructed for each calendar month
(Zhang and Busalacchi 2009a).

Two pathways exist through which FWF can affect the
ocean: one through SSS and the other through buoyance flux
(Qp). The first pathway of the FWF effect on SSS acts as a
source term to affect SSS as described by the conservation
equation of salt in the ocean model. The variation of SSS plays
an important role in determining the oceanic density, which
thereby influences the upper ocean stability and vertical mix-
ing. The second pathway of the FWF effect on Qp acts as a
forcing term in the bulk mixed layer model along with heat
flux and wind to explicitly determine variation of MLD, which
affects the entrainment of subsurface water into the mixed
layer and vertical mixing.

In the Kraus—Turner (KT) ML model, the entrainment rate
at the base of the ML is determined by a bulk turbulent energy
equation as follows,
oh

— Abh,, = 2my’ + h,,B,

% - (1 =nyh,,

hyy

[Bo + |Bo|] /2 + Jo |y — 21, + (B, + 2h,)e T

in which #,, is the ML depth; B is buoyancy flux and B, is
buoyancy flux at the sea surface, including the contribution
of FWF; h is the penetration depth of solar radiation in the
upper ocean; m, and n, are empirical coefficients; the mean-
ings of other fields can be found in Chen et al. (1994). As
expressed, the first term on the right side, 2m0u*3 , mainly
represents the turbulent kinetic energy (TKE) input by wind
stirring, acting to deepen the mixed layer; the second term
is the rate of potential energy inserted into the mixed layer
due to surface buoyancy (B,) effects which include the con-
tribution of heat flux and FWF at the sea surface; the third
term is a dissipative term to reduce term B, when convective
overturn is occurring (B> 0); and the fourth term is the
effects of penetrating radiation on TKE within the mixed
layer. The KT ML model represents an integrated form of
the TKE over the mixed layer and can be used to explicitly
predict the depth of ML. It assumes that the integration of
TKE produced by wind stirring and unstable convection by
B, over the mixed layer must balance with the energy needed
to entrain the water below. As part of B, thus, FWF is a fac-
tor that directly determines the MLD and its variation, pro-
viding a pathway through which interannual FWF anomalies
can directly affect ,, and the ocean state.
Qg at the ocean surface can be expressed as

QB:a,HF/(p.Cp)+ﬁ-SO~FWF=QT+QS €))

where HF and FWF are the net heat flux and freshwater flux
at the sea surface, respectively; p is the density of seawa-
ter, C, is the heat capacity and S, is the reference surface
salinity; a and f are the thermal and haline coefficients of
expansion, respectively. As expressed, Qp is the sum of the
heat flux (Qp) and freshwater flux (Qg). The principle here
is that positive buoyancy flux (a positive anomaly) repre-
sents an influx into the sea surface, so that the surface layer
becomes more buoyant with reduced buoyant force, which
acts to reduce the MLD and mixing (Zhang and Bussalachi
2009a). The ocean can have a response to the perturbation
of Qg through a gravitational adjustment. Because ML for-
mulation is explicitly related to the wind stirring and the
net buoyancy flux in the tropical ocean, FWF, as part of Qj,
has a direct impact on MLD, which in turn affects the upper
ocean mixing and the entrainment of subsurface water into
the mixed layer (Chen et al. 1994). Note that, the mixed
layer dynamics represented in the layer ocean models (the
direct effects of FWF on shoaling or deepening of the ML)
has been considered as one of the main missing processes
in the level models, in which the pathway of FWF effect on
Qg does not exist explicitly.

The coupling integration process of the HCM is as fol-
lows: for each time step, the OGCM is integrated to update
the SST fields, which are averaged to obtain daily mean SST.
The SST climatology (SST,;,,) field is preprocessed using
the OGCM forced by observed 7;,,, and then the daily SST
anomaly can be calculated. Heat flux is calculated from the
AML model using the OGCM SST field. For each day, the
interannual anomaly fields (7j,., and (P-E);,,,) and TIW
field (zypy) are calculated using their corresponding statis-
tical models, and then are added to their prescribed clima-
tological fields (zy;,, and (P-E);,,) to force the OGCM. 7,
and P are prescribed from observation; E;  is calculated
from the AML model using simulated SST,;,, field. The heat
flux and FWF are used to calculate Qg, which is then used
to additionally force the bulk mixed layer model in our layer
ocean model.

2.2 Experimental design

Experiments designed to examine differently represented
FWEF effects on ENSO are shown in Table 1. There exist two
influence pathways induced by interannual FWF variability
in modulating ENSO in the ocean: one through SSS and
the other through Q. Correspondingly, four experiments
are designed as follows: Expt. 1 is denoted as FWFE(S;,.,»
Bi,e)> in which interannual FWF effects on the ocean are
represented collectively both by SSS and Qg; Expt. 2 is
denoted as FWF(S; ;> Bgjim)» 1 Which only interannual
FWEF effect on SSS is represented, whereas that on Qg is
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purposely excluded and a seasonally varying FWF clima-
tology is prescribed for use in calculating Qg; Expt. 3 is
denoted as FWF(S ;> Binter)» 10 Which only interannual
FWEF effect on Qp is represented, whereas that on SSS is
purposely excluded and a seasonally varying FWF climatol-
ogy is prescribed for use in accounting for its effect on SSS;
Expt. 4 is denoted as FWF(S ;,.,» Bejim)> in Which interan-
nual FWF effect is not taken into account in the HCM and
FWF is prescribed as seasonally varying climatology. These
experiments can be compared with each other to clearly and
quantitatively illustrate modulations of differently repre-
sented FWF effects on ENSO, and separately demonstrate
model biases associated with differently represented FWF in
the HCM. All the experiments are integrated for 100 years
from the same initial conditions that are chosen arbitrarily
from a sustained coupled integration (denoted as year 1),
and the last 80-year (from year 21 to 100) simulations are
used for analyzing the roles of interannual FWF variability
in modulating ENSO through its effects either on SSS or
Qg, respectively.

3 Positive feedback on ENSO induced
by interannually varying FWF

In the tropical Pacific, interannual variations of FWF and
its associated ocean salinity anomalies are closely related
with ENSO (Qu et al. 2014; Zhang et al. 2012). FWF is

Table 1 Experiments designed to examine the role played by inter-
annual FWF variability in modulating ENSO through its effects on
either SSS or buoyancy flux (Qg), respectively; correspondingly,
there exist two influence pathways induced by interannual FWF vari-
ability on the ocean: one through SSS and the other through Qg

Experiments Experiments in which SSS and ~ Denoted names
Qg are affected by interannually

varying and climatological FWF

effects

SSS Buoyancy flux
EXpt. 1 FWF(SmIer) FWF(Bmter) FWF(Smter’ mter)
EXpt. 2 FWF(SmIer) FWF(BLlim) FWF(Smter’ Lhm)
EXpt. 3 FWF(Sclim) FWF(Bmter FWF(SLhm’ mler)
EXpt. 4 FWF(SClim) FWF(Bclim) FWF(Scllm’ cllm)
FWEF(S; e Biner) 1S denoted as a run, in which interannual FWF

effects on SST and Qg are both represented. FWF(S;, ;s Bejim) 1S
denoted as a run, in which only interannual FWF effect on SSS is
represented, whereas that on Qg is purposely excluded and a sea-
sonally varying FWF climatology is prescribed for use in calculat-
ing Qg in the bulk mixed model. FWF(S i, Biner) 1S denoted as a
run, in which only interannual FWF effect on Qg is represented,
whereas that on SSS is purposely excluded and a seasonally vary-
ing FWF climatology is prescribed for use in accounting for its effect
on SSS. FWF(S jim» Bejim) 1 denoted as a run, in which interannual
FWEF effects are not taken into account in the HCM (i. e., FWF is pre-
scribed as seasonally varying climatology)
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an important atmospheric forcing to the ocean, which can
affect ENSO; at the same time, FWF and its associated SSS
are affected by ENSO (Zhu et al. 2014). The HCM with
represented interannual FWF effects both on SSS and Qg
can well depict the tropical Pacific interannual variability
associated with ENSO.

Consider an example segment of interannual anomalies
of SST, FWF and SSS in FWF(S;, ;> Biner) during the last
20-year simulation. Long-term integrations indicate that the
HCM can produce reasonable and sustainable ENSO perio-
dicity and amplitude (Fig. 2a). For instance, the interannual
variations of FWF and SSS anomalies are accompanied
with the SST anomalies. When large warm SST anomalies
occur in the central and eastern tropical Pacific, the positive
FWF anomalies appear to the west, along with negative SSS
anomalies there. Similarly, cold SST anomalies in the east
are accompanied with negative FWF anomalies and positive
SSS anomalies (Fig. 2b, ¢) in the western equatorial Pacific.

FWF exhibits the strongest interannual variability in
the western-central equatorial Pacific near the dateline.
Interannual FWF variability has a positive feedback on
ENSO, which has a significant enhancing impact on ENSO
amplitude. The interannual FWF effects can be illustrated
by comparing simulations FWF(S; ... Bj,.;) with those
in FWF(Si.,, Boim)- Maps of the averaged anomalies for
some related ocean variables in December—January—Feb-
ruary (DJF) of the composite El Nifio events simulated
in FWF(S;,er. Binter) and FWFE(S ;,, Bjip,) are shown in
Fig. 3. During El Nifio peak stage, the maximum warm
SST anomalies are located in the central and eastern tropi-
cal Pacific (Fig. 3a), accompanied by positive FWF anom-
alies in the west. The freshening of the upper ocean leads
to negative SSS anomalies in the central Pacific (Fig. 3b).
As a result, the upper ocean becomes fresher and thus
more stable, suppressing the vertical mixing and entrain-
ment of cold water underneath, enhancing the positive SST
anomalies in situ. Meanwhile, the positive FWF anomalies
also induce negative Qg anomalies in the central equatorial
Pacific (Fig. 3c), which further leads to a shoaling of the
ML in the western tropical Pacific; a clear see-saw pattern
exists in the zonal direction, with the mixed layer being
shallower in the western and central Pacific, but deeper in
the east (Fig. 3d). Thus, the changes in MLD induced by
the positive FWF anomaly are of the same sign with those
produced by Bjerknes feedback (Bjerknes 1969). These
accordingly inhibit the vertical mixing and the entrainment
of subsurface cold water into the mixed layer, thus making
SST warmer in the central and eastern Pacific (Fig. 3a).
Larger interannual anomalies of these fields are seen in
FWE(S;er. Bineer) (the left column of Fig. 3) than those in
FWE(S jjim> Beiim) (the right column of Fig. 3). That is, the
interannual FWF effects tend to enhance the related ocean
processes. As a result, these oceanic processes serve as a
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Anomalies along the equator
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Fig.2 Interannual variations along the equator for a SST, b FWF,
¢ SSS anomalies simulated in FWF(S; ... Bi,)- The experiment

inter>

is integrated for 100-year and the last 20-year (from model year 81

positive feedback on ENSO that is induced by interannual
FWEF variability.

From time series of the Nifio3.4 SST anomalies in these
experiments (Fig. 4), it is evident that sustained ENSO
cycles are produced, whereas the amplitudes of the Nifio3.4
SST anomalies are different from each other due to the mod-
ulation of the differently represented interannual FWF forc-
ing. For example, the Nifio3.4 SST anomalies in FWFE(S;,.,.
B;,..) are substantially larger compared with those in the
FWE(S jims Baiim)- This means that the represented interan-
nual FWF effects collectively through the SSS and Qy path-
ways can act as a positive feedback on ENSO as indicated
in FWE(S;er» Binter) (Fig. 5).

Coherent patterns and interrelationships are seen among
interannual anomalies of SST, SSS, Qi and MLD fields

; —d gy o  SS— . .
1500 1208 90N 120F 150E 180 150N 1208 90N

to 100) simulation is shown. The contour interval is 1.0 °C in a,
40 mm month™" in b and 0.1 psu in ¢

(Figs. 6, 7, 8, 9). The simulated SST anomalies exhibit
large interannual variations with a nonlocal positive corre-
lation with FWF during ENSO cycles. In FWE(S; ..., Bi, )
in which the interannual FWF effects both on SSS and Qg
are represented, there exists a pronounced ENSO cycle with
the amplitude about more than 2.5 °C in almost all ENSO
events, sometimes even larger than 3 °C during ENSO peak
stage (Fig. 6a). In FWF(S .., Bejin)» ENSO intensity is obvi-
ously underestimated, with the amplitude only about 1 °C
(Fig. 6b).

To illustrate the modulation of interannual FWF vari-
ability on SST, we then separately check the variations of
SSS and Qg fields, which are two fields directly affected
by FWF forcing. The anomalous FWF induced by ENSO
is expected to have a direct effect on SSS. As shown, the
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Anomalies averaged 11 DJF
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Fig.3 Maps of averaged anomalies in DJF (December—January— SSS, ¢, g Qg, and d, h MLD. The contour interval is 0.5 °C for SST,
February) for the composite El Nifio events simulated in FWF(S; 0.05 psu for SSS, 0.2x 107 kg s™! m™2 for Qg, and 8 m for MLD
) (left panel) and FWF(S

inter>

) (right panel): a, e SST, b, f

mter clim> chm

largest variability center of FWF is located in the western-  Qr, acting to reduce the amplitude of Qg variability during
central basin near the dateline, where SSS variability is also ~ ENSO cycles. In FWE(S; ;o> Binier)» the max1mum amphtude
large. The direct effect of positive (negative) FWF anomalies  of Qg anomaly is greater than 1.0x 10° kg s™' m™2, whereas
is to reduce (increase) SSS in the western and central Pacific  in FWEF(S i, Bjim)s it is only about 0.2x 10° kg s™' m™

(Fig. 7) and Qg. Another pathway is through the effect on ~ during most ENSO peak stages.

Qg. For example, Qg anomaly in model year 23 simulated In the bulk mixed layer model, MLD is associated with
from FWE(S,cr» Biner) 18 negative in the western and central ~ the ratio of wind generation of turbulent kinetic energy to
Pacific (Fig. 8a); at the same time, Qp anomaly is nega-  the net positive buoyancy flux, so the decreased (increased)

tive (the opposite sign to SST anomaly in Fig. 6a) and Qg Qg anomalies induced by positive (negative) FWF anomalies
anomaly is positive (the same sign with FWF anomaly in  leads to a decrease (an increase) in MLD in the western and
Fig. 5a). As shown in Eq. (1), buoyance flux consists of heat  central equatorial Pacific (Figs. 5, 8, 9). The MLD variations
flux and freshwater flux; Qg has direct impacts on Qg, which further affect the vertical mixing and entrainment at the base
is also simultaneously affected by Q (Zhang and Busalac-  of mixed layer. The interannual MLD variations along the
chi 2009b). Here, the sign of Qg anomaly (negative) is the  equator obviously show a seesaw pattern in the zonal direc-
same as the Qp anomaly, but opposite to the Qg anomaly  tion (Fig. 9), which is the same as that seen in Fig. 3d. This
(positive). Hence, the Qg variability induced by interan- tends to flatten (deepen) the mixed layer during El Nifio (La
nual FWF variability has out-of-phase relationship with  Nifia) phase.
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Fig.4 Time series of the Nifio
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Here, the standard deviation is used as a measure to
quantify the effects on some specific ocean variables.
To illustrate the magnitude of interannual variability for
ENSO events, the standard deviations for SST anomalies
along the equator calculated from the last 80-year model
simulation in FWF(S;;.;» Biner) and FWFE(S s Bojinm) are
shown in Fig. 10. As expected, the standard deviation of SST
anomalies in FWF(S; .., Bj,,) is large with the maximum
value about 2 °C located around 170° W, whereas that in
FWE(S jims Beiim) 1s small with the maximum value only
about 0.9 °C.

Many previous studies have found strong dominant influ-
ence of wind forcing, including high-frequency westerly
wind bursts, on ENSO generation and development in the
tropical Pacific. Note that according to Fig. 10, the ENSO
strength in FWF(S;,, Bgjim) becomes much weaker when
interannual FWF effect is disabled in FWF(S;, ;> Binier)- This
does not mean that the wind contribution is of secondary
importance compared to freshwater flux forcing. In fact, the
interannual FWF forcing-induced wind effect (indirect) is
also important in the model simulations. That is, interannual
FWF forcing actually induces a direct effect and indirect
effect. The former is realized through SSS and Qg, whereas
the latter is manifested as coupled ocean-interactions. The
interaction loop involves the direct effects of interannal
FWF anomalies on SSS and Qg, which cause changes in the
ocean dynamical processes that affect SST, which induces
a response of wind stress, which in turn affects the oceans,
producing coupled ocean-interactions. So, the results in
FWF(S im» Beiim) and FWE(S;,er» Binter) Indicate a reduction
role of the FWF forcing through a positive air-sea feedback,

71 e 81 8e 91 o6

Time(years)

showing that excluding the interannual FWF forcing at the
air-sea interface reduces the ENSO amplitudes in FWF(S ;..

B_ji)- Also note that large-scale wind stress anomalies in
the HCM are calculated from a statistical feedback model
constructed from historical data; high-frequency wind forc-
ing effects such as westerly wind bursts are not taken into
account. So, the HCM can underestimate the influence of
wind forcing.

Notice that the HCM we used in this modeling study
has obvious discrepancies compared with corresponding
observations. For example, one bias in the HCM simula-
tions is that in terms of SST variability, the El Nifio events
presented in Fig. 2a are all central Pacific (CP) type with
the maximum SST warming around the dateline; in nature,
there are two types of El Nifio: eastern Pacific (EP) and
CP El Nifio. In addition, the simulated ENSO cycles in
our HCM are the way too regular. These discrepancies
can be partly attributed to the fact that statistical mod-
els for atmospheric interannual anomalies of wind stress
and FWF are used, so precluding the effects of stochastic
forcing on the ocean simulations. So, the biases seen in
the simplified HCM simulations may modify the conclu-
sions qualitatively. These issues need to be analyzed in
the future. Nevertheless, even though the simulated ENSO
events are much idealistic compared with corresponding
observations, the HCM can well capture the ENSO related
cycles for representing the basic ENSO dynamics, includ-
ing FWF effects. Also, the simplified HCM can be effec-
tively and efficiently used to conduct sensitivity experi-
ments in the coupled system to further understand ENSO
modulations induced by FWF forcing.
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FWF anomalies along the equator
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Fig.5 Interannual variations along the equator for FWF anomalies during the model 21-40 year simulation in a FWF(S;, o, Biper)s b FWF(S
). The contour interval is 40 mm month™!
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4 The FWF effects on ENSO
through individual pathway

As illustrated in Fig. 1, two influence pathways exist by
which interannual FWF variability can affect the ocean:
one through SSS and the other through Q. The sensitivity
experiments using the HCM descibed in Sect. 2 are con-
ducted to quantify modulations of the differently represented
FWEF effects on ENSO. In this section, the interannual FWF
effects on ENSO through the SSS or Qp pathways are indi-
vidually illustrated and quantified.

@ Springer
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inter>

4.1 The SSS influence pathway

When only considering the interannual FWF effect through
SSS pathway, the simulated interannual FWF amplitude in
FWE(S;, .» Byjipy) is about 200 mm month~! during most
ENSO stage (Fig. 5b), which is slightly weaker than that in
FWE(S;,er» Biner)» Which exhibits the maximum anomaly
that exceeds 280 mm month ™" during almost all ENSO peak
stages (Fig. 5a). When interannual FWF variability effect is
represented only through the SSS pathway in FWF(S,, ...
B_ji), ENSO amplitude (with the amplitude about 2 °C
in Fig. 6¢) is stronger than that in FWF(S;,, B.;i,) but is
weaker than that in (S;, .. Biner)-

The strength of interannual SSS variability in FWF(S; .,
B i) (Fig. 7c) is almost the same as that in FWF(S;, ..
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SST anomalies along the equator
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Fig.6 Interannual variations along the equator for SST anomalies during the model 21-40 year simulation in a FWF(S; ..., Biper)» b FWE(S i,

B.;,). ¢ FWE(S,

inter>

B.j)» and d FWF(S
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B, (Fig. 7a), with the amplitude about 0.16 psu, which is
much stronger than that in FWF(S;.,, B.jin,) as indicated in
Fig. 7b. It illustrates that the SSS pathway is a major pathway
by which interannual FWF variability can strongly impact
interannual SSS variability. Also, the amplitude of Qg anom-
aly is about 0.6 x 107° kg s™! m~2 during most ENSO peak
stages in FWF(S,,¢;» Bgjim)- The maximum MLD anomaly
value of the zonal seesaw pattern in FWF(S;, ... Bejim) 15
about 16 m (sometimes it can exceed 24 m as indicated
in Fig. 8c), but it is weaker than that in FWF(S;; . Biner)s
whose maximum is 32 m. The ENSO related interannual

). The contour interval is 0.5 °C

FWF variability tends to reinforce the MLD seesaw pattern,
which contributes to a positive effect on SST.

Changes in these oceanic processes in turn affect SST
anomalies, which are consistent with SST variations shown
in Fig. 6. From time series of the Nifio3.4 SST anoma-
lies (Fig. 4), it is seen that the Nifio3.4 SST anomaly in
FWE(S;,ierr Baiim) 15 smaller than that in FWF(S;, .. Biner)-
This suggests that when the interannual FWF effect is rep-
resented through the SSS pathway but not through the Qg
pathway (such as in level ocean models), the interannual
FWF effects may be underestimated compared with those in
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SSS anomalies along the equator
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which both the SSS and Qp pathways are represented (such
as layer models).

After validating the modulation on interannual vari-
ations, the changes in ENSO amplitude induced by
interannual FWF variability through the SSS pathway
is quantitatively illustrated. The standard deviations
for SST anomalies along the equator calculated from
the last 80-year model simulation in the four experi-
ments are shown in Fig. 10. The standard deviation of
SST anomalies in FWF(S;,c;» Bjim) 18 almost the same
as that in FWF(S; ;> Biner)- It indicates that the interan-
nual FWF variability contributes to a positive feedback
on ENSO because the interannual variability induced
by interannually varying FWF is substantially stronger
than in FWF(S ;s Boim)- Additionally, these sensitiv-
ity experiments confirm a major role played in FWF
positive feedback by interannual FWF effect represented
through SSS pathway. Comparisons of FWF standard
deviations indicate that the FWF variability is centered
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in the central tropical Paciﬁc with the maximum values
being 240 mm month~! in FWF(Smter, Bin.r) (Fig. 11a)
and 210 mm month™" in FWF(S. ) (Fig. 11b),
respectively.

Specifically, the spatial patterns for standard deviations
of the related ocean variables are illustrated below. The
maps for standard deviations of SST anomalies shown in
Fig. 12 indicate that these experiments exhibit the maxi-
mum SST variations that are centered in the central equa-
torial Pacific. When only interannual FWF effect is rep-
resented through SSS pathway, the maximum variation
value is about 1.6 °C (Fig. 12¢). When interannual FWF
effects through SSS and Qp pathways are both represented,
the maximum variation value is about 1.8 °C (Fig. 12a),
which is much larger than that without considering inter-
annual FWF effect, which is only 0.8 °C (Fig. 12b). That
means the interannual FWF variability serves as a posi-
tive feedback on SST variation, and the differently repre-
sented FWF forcing can change the strength of feedback.

inter? cllm
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Buoyancy flux anomalies along the equator
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Fig.8 Interannual variations along the equator for Qg anomalies during the model 21-40 year simulation in a FWF(S;,.,.. B
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Bjim)s ¢ FWE(S;

inter» Bclim

It is clear that if only considering interannual FWF effect
on the ocean through SSS pathway, it underestimates the
strength of SST variation compared with simulations in
which interannual FWF effects are considered through
affecting SSS and Qg pathways.

The maximum SSS variations are centered in the sub-
tropical Pacific (10° S-20° S, 10° N-20° N). When only
considering interannual FWF effects through SSS pathway,

-0.1

0.1 0.2 0.4 0.6 0.8 1

imer) > b FVVF(Sclim7

the maximum value is about 0.21 psu (Fig. 13c), which is
almost the same as that when interannual FWF effects are
considered through SSS and Qg pathways (Fig. 13a). The
values in FWF(S,» Biner) and FWE(S;,» Bgjim) are much
larger than those in FWF(S;,,, Bjir)- This is because FWF
can have a direct effect on SSS, serving as a source term in
the salinity equation. Maps of standard deviations for Qg

anomalies are shown in Fig. 14. In FWF(S ), the

inter> B clim
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MLD anomalies along the equator
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Fig.9 Interannual variations along the equator for MLD anomalies during the model 21-40 year simulation in a FWF(S,
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maximum value for standard deviation of Qg anomalies is
about 0.5x 1070 kg s~! m™? (Fig. 14c), with the maximum
variability being centered in the central tropical Pacific. In
FWE(S, e Binter)> the maximum value for standard deviation
of Qg anomalies is about 0.6 X 107 kg s m™? (Fig. 14a),
whereas it is only about 0.2x 107° kg s™' m~2 in FWF(S
B.in) (Fig. 14b).

The variations of SSS and Qp further affect the upper
ocean stability, vertical mixing and entrainment of sub-
surface water into mixed layer. Thus, the maps for stand-
ard deviations of MLD anomalies are checked (Fig. 15).
The maximum areas of MLD variability are centered in

clim®
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the western and central Pacific. When interannual FWF
effects through SSS and Qp pathways are both represented,
the maximum value for standard deviation of MLD is
about 21 m, being located both in the north and south
subtropical Pacific (Fig. 15a), which is much larger than
that without considering interannual FWF effect (only 9 m
in FWF(S im» Baim)s Fig. 15b). When interannual FWF
effect through SSS pathway is only represented, the maxi-
mum value for standard deviation of MLD is about 18 m,
which is located in the south subtropical Pacific (Fig. 15¢).
The different amplitudes of MLD variability induced by
differently represented interannual FWF effects in turn
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correspond to different effects on SST, which is consistent
with the maps for standard deviations of SST anomalies
shown in Fig. 12.

In order to quantify the changes in ENSO amplitude by
the differently represented FWF effect, we calculate the
percentage changes in standard deviations of key ocean
variables in the Nifio 3.4 area. That is, the percentage of
the difference between FWFE(S,, ., Byim) and FWE(S

B relative to the difference between FWE(S;,... B
and FWF(S ., B

clim»
imer)

im) 18 calculated. This value represents

the change in amplitude induced by only considering FWF
effect on the ocean through the SSS pathway.

Figure 16 shows percentage changes in standard devia-
tions of the Nifio 3.4 SST, SSS, Qp, and MLD anomalies as
a function of the calendar month. When only considering
interannual FWF effect through SSS pathway, the percent-
ages increase in standard deviation of the Nifio 3.4 anoma-
lies for SST, SSS, Qg and MLD account for about 80%, 75%,
80%, and 80% (except for in April, October and November,
which accounts for about 60%), respectively. In more details,
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the standard deviations of some specific anomaly fields are ~ FWF(S;;;;» Binter)> 0-83 °C and 1.23 °C in FWE(S;
shown in Table 2. For example, the standard deviation of  and 0.5 °C and 0.62 °C in FWF(S
Nifio3 and Nifio4 SST anomalies are 0.93 °C and 1.32°Cin  Compared with FWF(S

inter cllm)
clim» Beiim)> T€Spectively.

clim> Belim)»> these values represent
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increases of about 86% (113%) for the Nifio3 (Nifio4) SST
variability in FWF(S, ., Biner)» and about 66% (98%) for
the Nifio3 (Nifio4) SST variability in FWF(S;,;e;» Biim)
respectively. The percentage increase of the standard devia-
tion of Nifio3 (Nifio4) SST anomalies in FWF(S;.;» Bgjim)
relative to that in FWF(S,,.;» Biner) 1S about 77% (87%).
In addition, the percentage increase of the standard devia-
tion of Nifio4 SSS anomalies in FWF(S,, ., Boim) rela-
tive to that in FWF(S,, . Biner) 1S 78%; the percentage
increase of the standard deviation of Nifio4 Qg anomalies
in FWE(S; ., B.jim) relative to that in FWE(S, .., Bi,.) 18
86%; the percentage increase of the standard deviation of

inter

(a) SST

Jan FebMar AprMayJun Jul AugSep OctNovDec

(c) Buoyancy flux

o84 _— @ |

0.4 1

- ———
024+— —__———~

Jan FebMar AprMayJun Jul AugSep OctNovDec

Fig. 16 Percentage changes in standard deviations of the Nifio 3.4 a
SST, b SSS, ¢ Qg, and d MLD anomalies as a function of the calen-

Nifio4 MLD anomalies in FWF(S;,¢;» Bgjim) 1s 60% rela-
tive to that in FWF(S;,..;» Biner)- All these values show that
the ENSO amplitude increases in FWFE(S,.,, B.jin) relative
to FWF(S ipm» Bejin)» Which is mainly attributed to the SSS
pathway.

clim/»

4.2 The Qg influence pathway

Another influence pathway associated with interannual FWF
variability on ENSO is through Qg and the related results are
illustrated in this subsection. Firstly, modulations of inter-
annual FWF variability effect through the Qp pathway on

(b) SssS

—_——

-

— — — — —_— — 1

Jan FebMar AprMayJun Jul AugSep OctNovDec

(d) MLD
1
o.e—’\/\/—\/
0.6 |
0.4 //“\\\\—//"\\
0.2 U/

Jan FebMar AprMayJun Jul AugSep OctNovDec

FWEF(S;,er Binter) and FWF(S .., Bgim)» and the long dash line is cal-
culated by the percentage of the difference between FWF(S

clim’ mter)

dar month calculated from the last 80-year simulation. The solid line and FWF(S ;. Beim) relative to the difference between FWFE(S, ..
is calculated by the percentage of the difference between FWF(S;, ¢, Biner) and FWFE(S i Bgim)
B.im) and FWEF(Sg;,. B.im) relative to the difference between

Zlaczloege STp};i:;in;ir?;iiif;/ tons F VVF(Smter7 mter) FWF(Smtev cllm) FWF(Schm’ mter) EWF)(SCUW
fields simulated in the four clim
experiments described in Nifio 4 SST 1.32 1.23 0.82 0.62
Table 1 Nifio 4 FWF 157.45 142.02 94.58 0

Nifio 4 SSS 0.14 0.12 0.06 0.05

Nifio 4 Qg 0.46 0.42 0.24 0.18

Nifio 4 MLD 16.44 12.68 10.53 7.16

Nifio 4 7, 0.28 0.25 0.16 0.12

Nifio 3 SST 0.93 0.83 0.61 0.50

Nifio 1 + 2 SST 0.80 0.74 0.57 0.47

Results shown are SST, FWF, SSS, Qg, MLD and 7, at the Nifio 4 region; the Nifio 3 SST and the Nifio
1 + 2 SST, which are calculated from the last 80-year simulation. The units are °C for SST, mm month™!

for FWF, psu for SSS, 10°° kg g~ !

@ Springer
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interannual variations are demonstrated, and then, quantita-
tive assessments in ENSO amplitude are given.

The interannual FWF anomalies along the equator during
the model 21-40-year simulation in FWF(S iy Bineer) are
show in Fig. 5c. The simulated maximum interannual FWF
amplitude is about 200 mm month™"' during ENSO peak
stage. It is much weaker compared with FWF(S; ... Bipcer)
(Fig. 5a), also weaker than FWF(S;, ... Boim) (Fig. 5a). As
analyzed above, only considering the interannual FWF effect
through Qg pathway, the interannual FWF anomalies can be
underestimated compared with the interannual FWF effect
both through SSS and Qg pathways. However, the interan-
nual variations of FWF in FWF(S,.;» B, are not equal
to the sum of those in FWF(S,,e;» Bojim) and FWE(S ;..

B, er)> suggesting a role played by nonlinear effects induced
by FWF forcing to the ocean.

The interannual SST anomalies show a coherent structure
and temporal variation with FWF. When only interannual
FWEF variability effect on Qy is represented in FWF(S ;...

Bjner)» ENSO signal is stronger compared with that in
FWE(S gimm» Baim)» With the amplitude about 1.5 °C (Fig. 6d).
But it is weaker than that in FWF(S;,.;» Binr)> €ven weaker
than that in FWF(S; ., B.jim)- Because the SSS variability
is directly influenced by interannual FWF variability, only
interannual FWF effect through Qp pathway represented
contributes to a weak effect on simulated SSS variability.
The strength of interannual SSS variability in FWF(S ;..

Biner) (Fig. 7d) is more or less the same as in FWF(S ;...

Bji) (Fig. 7b), with the amplitude being about 0.08 psu.
The strength of interannual SSS variability in FWF(S

Bi,) is obviously much weaker than that in FWF(S;
B_ji)- It illustrates that through the Qg pathway, interan-
nual FWF variability has a small impact on interannual SSS
variability.

The interannual Qg variations along the equator are
shown in Fig. 8. When only the interannual FWF effect on
Qg pathway is represented in FWF(Scnm» mter) the ampli-
tude of Qg anomaly is about 0.4x 107 kg s™' m™2, which
is much weaker than that in FWF(S; ... Bjim)- As shown in
Eq. (1), buoyance flux consists of heat flux and freshwater
flux. Here, the amplitude of Qg is weaker than Q, and so Qg
plays a compensation role in Qg compared with Qp, which
plays a major role in Qg (Zhang and Busalacchi 2009b).
Thus, even interannual FWF effect through Qp pathway is
not directly represented, the amplitude of Qg anomalies in
FWEF(S;ier Beiim) 18 still larger than that in FWE(S
It is mainly because the major role of heat flux is playing
in Q. MLD is directly affected by Qg, and these two fields
are of the same sign. The interannual MLD anomalies along
the equator are shown in Fig. 9, with the shoaled (deepened)
mixed layer during El Nifio (La Nifia) phase. The ENSO
related interannual FWF variability tends to reinforce the
zonal seesaw pattern of MLD anomalies. In FWF(S

clim®

inter?

clim» mter)'

clim»

Biyer), the maximum MLD anomaly value of the zonal see-
saw pattern is 16 m (Fig. 8d), which is stronger than that in
FWEF(S jim> Beiim)» but weaker than that in FWE(S;
even weaker than that in FWF(S,..,» Bgjim)-

These related oceanic processes in turn affect SST,
which are consistent with SST variations shown in Fig. 6.
The anomaly amplitude of the Nifio3.4 SST time series in
FWEC(S jim> Biner) 15 smaller than that in FWF(S;, .., Biner)s
even smaller than that in FWF(S;,,» Bgim) (Fig. 4). This
illustrates that the effects of interannual FWF variability on
ENSO are mainly realized through SSS pathway; the Qg
pathway plays a compensatory role. If the FWF forcing
effects are not represented fully in the ocean model (such
as level ocean model), the FWF positive feedback on ENSO
can be underestimated.

When only interannual FWF effect through Qg pathway
is represented, the maximum SST variation value is about
1.0 °C, centered in the central equatorial Pacific (Fig. 12d),
which is larger than that in FWF(S_;,,,, B.jin)- The standard
deviations of the Nifio 3.4 SST anomalies as a function of
the calendar month are shown in Fig. 10. The standard devi-
ation of the Nifio 3.4 SST anomalies in FWFE(S ;... Biner)
with the maximum value about 0.9 °C in May, is much
smaller than that in FWF(S; .., B;,), even smaller than that
in FWFE(S; e Bejim)- It shows that interannual FWF effect
through the SSS pathway can induce larger SST variations
than that through the Qg pathway. However, the intensity
of interannual SST anomalies affected by interannual FWF
effect through each pathway is larger than that when FWF
is prescribed as seasonally varying climatology, and smaller
than that when interannual FWF effects through SSS and Qg
pathways are both represented. These two sensitivity experi-
ments both underestimate the strength of SST variation com-
pared with the simulations in which both interannual FWF
effects through SSS and Qg pathways are represented.

We can compare other fields in FWEF(S ;.. B;,.;) With
other experiments. For example, the maximum value of FWF
variability in FWF(S i, Biner) is 120 mm month™!, cen-
tered in the central tropical Pacific near the dateline, which is
smaller than that in FWF(S,,.;» Binter) a0d FWFE(S,er» Betim)s
respectively (Fig. 11). It is clear that interannual FWF effect
through Qg pathway serves a positive feedback on ENSO.
However, the strength of feedback is weaker than that in
which interannual FWF effect is represented through SSS
pathway.

Directly affected by FWF, the intensity of SSS variation

inter» mter) ?

in FWE(S ;. Biner) (Fig. 13d) is almost the same as that
in FWF(S ., Bjin) (Fig. 13b); they are both much smaller
than that in FWF(S; ., Bjy) and FWE(S, ., Bjim)- Another

variable directly affected by FWF is Qg, whose maps for
standard deviations are shown in Fig. 14. The maximum
value of Qp variation in FWF(S_;.,, Bin.,) 1 only about
0.3x10° kg s~! m~2, centered in the central tropical Pacific

@ Springer



4624

C.Gaoetal.

(Fig. 14d). Itis shghtly larger than that in FWF(S ;.. Bgjim)
(about 0.2 x 107° kg s™! m~2; Fig. 14b), but much smaller
than that in FWF(S;,.;» Biye) (0.6x107% kg s7! m™2;
Fig. 14a) and FWF(S, .., B (0.5%x 1070 kg s7! m™2;
Fig. 14c). These are mainly because the heat flux plays a
major role in Qg, whereas the freshwater flux plays a com-
pensatory role in contributing to Qg anomalies.

MLD is calculated using the bulk mixed layer model in
which wind stress and buoyancy flux are explicitly making
contributing to variations in MLD. As a part of Bjerknes
feedback (Bjerknes 1969), MLD variations play an impor-
tant role in ENSO cycles. When only interannual FWF effect
through Qp pathway is represented, the maximum value of
MLD variation is about 15 m (located in the north extra-
tropics of the central basin; Fig. 15d). It is much smaller than
that in FWFE(S;ier» Binter)-

The percentage changes in standard deviations of the
related ocean variables in Niflo 3.4 area are calculated to
quantitatively assess changes in ENSO amplitude induced
through Qg pathway. That is, the percentage of the dif-
ference between FWF(S i, Binier) and FWFE(S i Betim)
relative to that between FWF(S;, ;> Binwer) and FWE(S i,

B is calculated to represent the increases in amplitude,
which is shown in Fig. 16. When only interannual FWF
effect through Qp pathway is represented, the percentage
increase in standard deviation of the Nifio 3.4 SSS anoma-
lies accounts for about more than 20%, even more than 30%
especially from August to October; the percentage increase
in standard deviation of the Nifio 3.4 SSS and Qg anomalies
accounts respectively for about 10% and 20%, with slightly
variations in different months; the percentage increase in
standard deviation of the Nifio 3.4 MLD anomalies accounts
for about 40%, except for from January to March (accounts
for about 20%). In general, the increase in ENSO ampli-
tude in FWF(S ;... Biyr) Plays a compensatory role com-
pared with the contribution of FWF(S;, .., Bgim) relative
to FWFE(S;,er» Binter)- However, the sum of the increased
percentage values for the corresponding variables in Nifio
3.4 area between FWF(S;, s Bojin) and FWF(S jim» Binter)
relative to FWF(S;,..;» Biner) are not linearly equal to 100%.

Further focused analyses on the standard deviations of
some specific anomaly fields are shown in Table 2. For
example, the standard deviations of Nifio3 and Nifio4 SST
anomalies are 0.61 °C and 0.82 °C in FWF(S
Compared with FWF(S;..» B.im)» the percentage increase
for FWF(S jim> Binter) 101 the standard deviation of Nifio3
(Nifio4) SST anomalies relative to FWF(S;, ., Bineer) 15 26%
(28%). In addition, the percentage increase for FWF(S

clim» 1nter)

clim>
Bir) 10 the standard deviation of Nifio4 SSS anomalies

relative to FWF(S;, > Biner) 18 11%; the percentage increase
for FWF(S i, Biner) 1n the standard deviation of Nifio4 Qg
anomalies relative to FWF(S; ;s Bineer) 18 21%; the percent-

age increase for FWF(S ;,, Biye,) in the standard deviation

@ Springer

of Nifio4 MLD anomalies relative to FWF(S;.r» Bineer) 18
36%. All these values for FWF(S; ;> Biner) Show that the
increase in ENSO amplitude is not a simply linear summa-
tion of that in FWF(S;,..;» Bejim) and FWF(S i Bineer) rela-
tive to FWF(S jip> Baim)- Moreover, different ocean process
contributions due to differently represented interannual FWF
effects are not the same.

5 Summary and discussion

FWEF is one of major atmospheric forcings to the ocean,
but has been received less attention than surface fluxes of
momentum (wind stress) and heat. Currently, there exist
large model biases induced by the ways FWF is represented
in climate models. Previous studies have illustrated ENSO
modulations due to interannual variability of FWF in the
tropical Pacific using a hybrid coupled model. Interannual
FWF variability is demonstrated to have a positive feed-
back on ENSO. During El Nifio event, there is a warm SST
anomaly in the central and eastern tropical Pacific, along
with a positive FWF anomaly in the western basin. The
positive FWF anomaly can directly affect salinity in the
upper ocean and buoyance flux at the sea surface, reducing
mixed layer salinity with more stable vertical stratification,
and thus reduce vertical mixing. In addition, the positive
FWF anomaly (the ocean receives freshwater) makes the
surface layer less buoyant, with reduced buoyancy force and
more negative Qg anomaly, which acts to produce a shoaled
mixed layer and reduced entrainment of subsurface water
into the mixed layer. These interrelationships among the
related ocean processes further strengthen the warm SST
anomaly, serving as a positive feedback on ENSO. In the
coupled system, the atmospheric FWF variability can have
a strong influence on the ocean state, including SST. The
changes in SST in turn affect the atmospheric wind through
air-sea interactions. Then, the FWF and wind forcings are
acting together to affect ENSO.

Physically, there are two pathways by which FWF can
affect the ocean: one through SSS, and the other through Qj.
In this work, the roles played by interannual FWF variability
in modulating ENSO through its effects either on SSS or Qg
pathways are separately and quantitatively examined using
a hybrid coupled model (HCM) of the tropical Pacific; its
ocean component used is a sigma coordinate layer model in
which the topmost layer is treated as a mixed layer whose
depth is a prognostic variable. A bulk ML model is embed-
ded into the OGCM with varying ML depth that is explicitly
and directly affected by Qg. Four HCM-based sensitivity
experiments with differently represented FWF effects are
designed using the coupled system to illustrate the roles the
two pathways played in ENSO modulations, with SSS and
Qg being affected individually or collectively.
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A corresponding feedback process induced by interannual
FWF effect can be traced from these experiments. Results
show that a positive feedback on ENSO is induced by inter-
annual FWF variability through the two pathways and the
feedback intensities on ENSO differ among modeling exper-
iments with differently represented FWF effects. The largest
anomalies are produced when interannual FWF effects on
SSS and Qg are both represented compared with other cases.
Furthermore, anomalies produced by only interannual FWF
effect through SSS pathway is larger than that by only inter-
annual FWF effect through Qg pathway; both are smaller
than that when interannual FWF effects through SSS and
Qg pathways are both represented.

The increases in ENSO amplitude by the differently rep-
resented FWF effect on the ocean through the two path-
ways of SSS and Qg are quantified. Results show that the
ENSO amplitude in FWF(S,,;.;» Biim) accounts for about
80% compared with that in FWF(S,,.,, Biy.r)» Whereas that
in FWF(S i, Biner) @accounts for about 20%. This illustrates
that the effects of interannual FWF variability on interannual
variations in the tropical Pacific climate system are mainly
realized through the SSS pathway. If the FWF effects are
not fully represented in the ocean model (as in the case for
the level ocean model), the effect of FWF-induced positive
feedback on ENSO can be underestimated. In addition, the
increase in ENSO amplitude produced by both interannual
FWEF effects through SSS and Qp pathways is not a simply
linear summation of that produced individually through SSS
pathway or Qp pathway alone, indicating a nonlinear adjust-
ment in the ocean.

This study provides a new insight into the model biases
associated with FWF effects in the tropical Pacific; the
results are useful not only in terms of a physical understand-
ing of differently represented FWF forcing on the ocean
dynamics and ENSO, but also in terms of the improvements
in coupled models. It is clearly evident that the contribution
to buoyancy flux from interannual FWF variability plays a
certain role in the mixed layer and the strength of positive
feedback on ENSO. When the related ocean processes in the
ocean models are neglected (i.e., as in level ocean models),
the corresponding positive feedback effect can be underes-
timated on ENSO. Here, we only demonstrate the effects of
differently represented FWF forcing on ENSO simulations;
its effects on ENSO prediction and predictability need to be
investigated further.
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