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ABSTRACT

The climatology and interannual variability of sea surfacesalinity (SSS) and freshwater flux (FWF) in the equatorial
Pacific are analyzed and evaluated using simulations from the Beijing Normal University Earth System Model (BNU-ESM).
The simulated annual climatology and interannual variations of SSS, FWF, mixed layer depth (MLD), and buoyancy flux
agree with those observed in the equatorial Pacific. The relationships among the interannual anomaly fields simulated by
BNU-ESM are analyzed to illustrate the climate feedbacks induced by FWF in the tropical Pacific. The largest interannual
variations of SSS and FWF are located in the western-centralequatorial Pacific. A positive FWF feedback effect on sea
surface temperature (SST) in the equatorial Pacific is identified. As a response to El Niño–Southern Oscillation (ENSO),
the interannual variation of FWF induces ocean processes which, in turn, enhance ENSO. During El Niño, a positive FWF
anomaly in the western-central Pacific (an indication of increased precipitation rates) acts to enhance a negative salinity
anomaly and a negative surface ocean density anomaly, leading to stable stratification in the upper ocean. Hence, the vertical
mixing and entrainment of subsurface water into the mixed layer are reduced, and the associated El Niño is enhanced. Related
to this positive feedback, the simulated FWF bias is clearlyreflected in SSS and SST simulations, with a positive FWF
perturbation into the ocean corresponding to a low SSS and a small surface ocean density in the western-central equatorial
Pacific warm pool.
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1. Introduction

Freshwater flux (FWF, defined as precipitation minus
evaporation) at the air–sea interface plays a vital role in regu-
lating the climate and hydrological cycle in the earth system.
FWF, along with surface heat fluxes (HFs) and wind, con-
trol the dynamic and thermodynamic behavior of the ocean
(Zhang and Busalacchi, 2009; Hackert et al., 2011). For ex-
ample, FWF can directly affect ocean salinity, which plays
an important role in controlling variations of the mixed layer
depth (MLD) and also modulates sea surface temperature
(SST) in tropical Pacific regions with heavy precipitation
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(Murtugudde and Busalacchi, 1998; Han et al., 2001, Thomp-
son et al., 2006; Wu et al., 2010; Zhang et al., 2010, 2012;
Ham et al., 2012; Ma et al., 2013; Zhang et al., 2014). In
such regions, where there exists strong near-surface haline
stratification, salinity and related FWF are known to indi-
rectly influence the evolution of the mixed layer temperature
(Rao and Sanil Kumar, 1991; Sprintall and Tomczak, 1992;
Rao and Sivakumar, 1999; Howden and Murtugudde, 2001;
Zhang et al., 2013; Hackert et al., 2014; Zheng et al., 2014).
Knowledge of salinity and related FWF variations is crucial
to understanding the ocean hydrological cycle, a key compo-
nent of the climate system (Webster, 1994).

The effects of salinity and its directly related FWF forcing
have recently received much attention (e.g., Delcroix et al.,
2007; Cravatte et al., 2009; Zhang et al., 2010, 2012; Fujii et
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al., 2012; Fettweis et al., 2013; Zhang et al., 2014; Zheng et
al., 2014). For example, through their influence on horizontal
pressure gradients, the equatorial thermocline, and vertical
stratification, FWF forcing and its related interannually vary-
ing salinity can significantly affect tropical climate dynam-
ics and El Niño–Southern Oscillation (ENSO) (e.g., Delcroix
and Hénin, 1991; Murtugudde and Busalacchi, 1998; Maes,
2000; Maes et al., 2002; Fedorov et al., 2004; Huang and
Mehta, 2005). More recently, Zhang and Busalacchi (2009)
and Zheng and Zhang (2012) demonstrated that salinity, and
its related FWF forcing, can induce a positive feedback ef-
fect on the interannual variability associated with ENSO by
modulating stratification stability in the upper ocean. An-
other way in which FWF and salinity affect the ocean physics
is through the barrier layer process (Lukas and Lindstrom,
1991; Zheng et al., 2014).

Using a simplified coupled ocean–atmosphere model,
Zhang and Busalacchi (2009) demonstrated that the changes
in SST induced by FWF can impact the atmosphere in the
tropical Pacific; this has the potential to modulate the in-
terannual variability associated with the ENSO. Reexamin-
ing the sensitivity of the ocean density structure and circula-
tion with a zonally averaged ocean model, Sévellec and Fe-
dorov (2011) found that ocean circulation is driven by the
surface buoyancy fluxes (QB) associated with FWF. Zheng et
al. (2014) described relationships among the interannual vari-
ability of salinity, FWF, and the barrier layer in the equato-
rial Pacific. In particular, using a one-dimensional boundary
layer ocean model, they found that the barrier layer process
induced by interannual salinity anomalies around the date-
line can dramatically affect the temperature fields in the up-
per ocean, resulting in positive feedback that acts to enhance
ENSO.

These previous studies are helpful for understanding
the mechanisms with which salinity and related FWF forc-
ing can affect ENSO cycles. However, most results have
been obtained from ocean-only or simplified coupled ocean–
atmosphere models (e.g., Mechoso et al., 1995; Yang et al.,
1999; Zhang and Busalacchi, 2009; Zhang et al., 2012); so,
the effects in fully coupled ocean–atmosphere models still
need further investigation. As is well known, most coupled
general circulation models tend to produce the so-called dou-
ble intertropical convergence zone (ITCZ) pattern over the
tropical Pacific, with excessive precipitation near the dateline
off the equator, often connected with overly narrow and ex-
cessive cold SST spreading into the far western Pacific (Me-
choso et al., 1995; Bellenger et al., 2014; Kang et al., 2014).
As the dominant component of FWF, such precipitation bias
can considerably distort the FWF pattern in the equatorial Pa-
cific and ultimately affect the reliability of the simulatedSST
and ENSO.

An earth system model (ESM) has been developed at the
Beijing Normal University (BNU), based on several widely
evaluated climate model components (Ji et al., 2014). The
model, abbreviated to BNU-ESM, has been used to study
mechanisms of climate change, ocean–atmosphere interac-
tions, and climate feedback effects on interannual to in-

terdecadal time scales. The BNU-ESM results for the pre-
industrial (PI) control and historical simulations of CMIP5
(Coupled Model Intercomparison Project, Phase 5) are pre-
sented to evaluate the model’s performance in terms of the
mean state and internal variability. We show that BNU-ESM
can simulate many observed features of the earth climate sys-
tem, such as the climatological annual cycle of surface air
temperature and precipitation, annual cycle of tropical Pacific
SST (Wu et al., 2013).

Although some progress has been made in understand-
ing the interannual variability of salinity and related FWF
through observational analyses and simulations (e.g. Ji et
al., 2014), it is necessary to understand the ability of BNU-
ESM in simulating salinity and related FWF. The quality of
the simulated salinity and that of related ocean physical pro-
cesses are important criteria for assessing coupled models. In
this paper, BNU-ESM is evaluated by analyzing the effects
of salinity and related FWF on oceanic physical processes
in the equatorial Pacific. Using PI control time-slice exper-
iments with the BNU-ESM, as designed for CMIP5, the ef-
fects induced by salinity and FWF forcing are investigated,
with a focus on annual climatology and interannual varia-
tions. Model and reference datasets are presented in section
2. Based on diagnostic calculations and model assessments,
section 3 presents a detailed systematic analysis of the rela-
tionships among the annual mean climatology and interan-
nual variability associated with FWF forcing and salinity in
the equatorial Pacific. Finally, concluding remarks are pre-
sented in section 4.

2. Model description, data and methodology

2.1. BNU-ESM

The structure and individual components of BNU-ESM
are briefly described here, but a more comprehensive de-
scription can be found in Ji et al. (2014). BNU-ESM is a
fully-coupled earth system model. Using one central coupler
component (the National Center for Atmospheric Research
Coupler 6.5: NCAR-CPL6.5), BNU-ESM is a coupling of
four separate models that simultaneously simulate the Earth’s
atmosphere (the National Center for Atmospheric Research
Community Atmospheric Model version 4: NCAR-CAM4),
sea-ice (the Los Alamos National Lab sea ice model version
4.1: LANL-CICE4.1), land surface (the BNU Common Land
Model version 3: BNU-CoLM3) and ocean (the Geophysi-
cal Fluid Dynamics Laboratory Modular Ocean Model ver-
sion 4p1: GFDL-MOM4p1). Two special processes included
in BNU-ESM include an ecosystem–biogeochemical mod-
ule in the ocean component (the Interactive BioGeoChemi-
cal Cycles: IBGC), and an interactive carbon cycle model
in the land component (the BUN Dynamic Vegetation Sub-
model and terrestrial carbon and nitrogen cycles based on
Lund-Potsdam-Jena: the BNU-DGVM). BNU-ESM has par-
ticipated in CMIP5 and provided future climate projections
for the Intergovernmental Panel on Climate Change’s Fifth
Assessment Report.
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BNU-ESM’s ocean output uses a nominal latitude–
longitude resolution of 1◦ [down to (1/3)◦ within 10◦ of the
tropical domain], with a 360◦ (longitude)×200◦ (latitude)
grid. There are 50 vertical levels, with the uppermost 23 lay-
ers each about 10 m. The atmospheric output uses an Eulerian
dynamical core for transport calculations, with a T42 hor-
izontal spectral resolution (an approximately 2.81◦ × 2.81◦

horizontal grid), with 26 levels in the vertical direction.
In this paper, we select the last 100 years (model year

1450 to 2008) of the PI control simulation to examine the
characteristics of the mean climatology and interannual vari-
ability (Taylor et al., 2012). The model outputs used in the
study include precipitation, evaporation, sea surface netHF,
ocean temperature, and salinity.

2.2. Observational and reanalysis data

The following observational data are compared with the
model simulations: The precipitation data are from the
Global Precipitation Climatology Project (GPCP) dataset
(version 2), covering the period 1979–2013 and with a 2.5◦×
2.5◦ horizontal resolution (Adler et al., 2003). The evapora-
tion data are derived from the Objectively Analyzed Air–Sea
Fluxes (OAFlux) dataset (Yu and Weller, 2007). The ocean
salinity and temperature of the mean climatology field grid-
ded data are from Array for Real-time Geostrophic Oceanog-
raphy (ARGO) observations, provided by the International
Pacific Research Center (IPRC)/Asia-Pacific Data-Research
Center (APDRC), with monthly and long-term climatology
fields spatially averaged within 1◦ bins at standard depths
covering the period from 2005 to 2013 (Levitus, 1983). The
MLD gridded data of monthly and climatological fields are
also derived directly from the IPRC/APDRC ARGO data.
The ocean salinity and temperature of the long-term monthly
climatology field gridded data are derived from objective
analysis data (EN3v2a) offered by the Met Office Hadley
Centre, which are based on various observational data, in-
cluding: the World Ocean Database 2005, the Global Tem-
perature and Salinity Profile Project, and ARGO. The data
have a horizontal resolution of 1◦ × 1◦ and 42 levels in the
vertical direction, with the deepest level reaching 4000 m
for the period from 2005 to the present day (Guinehut et al.,
2009). The net HF of monthly and long-term climatology
fields at the sea surface (latent and sensible HFs and flux-
related surface meteorology) are derived from OAFlux data
from 1958 to the present day, 1◦ gridded, and the surface ra-
diation data from the International Satellite Cloud Climatol-
ogy Project from 1983 to 2009, with 2.5◦ resolution (Schiffer
and Rossow, 1985).

2.3. Buoyancy flux

The QB field, together with HF and wind, controls the
evolution of MLD, which affects the entrainment of subsur-
face cold water into the upper surface in the equatorial Pa-
cific. At the surface,QB is the net contribution of the HF part
(QT) and the FWF part (QS), which at the sea surface can be
defined as (Zhang et al., 2010).

QB =
αHF
(ρcp)

+ βS0FWF= QT +QS , (1)

where HF is the net heat flux at the sea surface (positive when
the ocean is receiving heat flux), FWF= (P−E) is the net
freshwater flux (P is precipitation and E is evaporation; when
the ocean is gaining net freshwater, FWF is positive);α is
the thermal expansion coefficient, andβ the haline contrac-
tion coefficient;S0 the reference surface salinity;cp the heat
capacity of seawater, andρ the density of seawater.

More comprehensive description and the calculation of
the physical quantities about (QB, QT andQS) can be found
in Zhang et al. (2010).

3. Results

3.1. Annual mean climatology

3.1.1. Freshwater flux

FWF at the sea surface directly affects sea surface salin-
ity in the ocean. Therefore, it is essential that the model re-
produces this forcing field realistically to simulate the ocean
salinity field accurately. We begin with an analysis of the an-
nual mean climatology, with an emphasis on the large-scale
features of FWF over the tropical Pacific.

Figure 1 shows the annual mean FWF and the FWF dif-
ference between the BNU-ESM simulation and observation.
The observed FWF climatology shows that the ocean mostly
receives freshwater through the air–sea interface in the equa-
torial Pacific; the main areas with positive FWF include the
equatorial Pacific Ocean and the South Pacific Convergence
Zone (SPCZ), which extends southeastward in the South Pa-
cific Ocean, with a maximum annual mean FWF of more than
4.0× 10−5 kg m−2 s−1 (Fig. 1a). In contrast, the eastern
parts of the subtropical basins in both hemispheres are ma-
jor loss sites of FWF and contain the two minimum FWF
centers, with annual mean values of only−3.5× 10−5 and
−4.0×10−5 kg m−2 s−1.

BNU-ESM can realistically simulate some of the ob-
served FWF features in the tropical Pacific (Fig. 1b). The
ocean region receiving FWF is located in the low-latitude
tropical Pacific, and the high FWF center is located near the
western equatorial Pacific (i.e., the warm pool), 6.0× 10−5

kg m−2 s−1 higher than observed. The ocean region loosing
FWF is located in the eastern part of the subtropical basins in
both hemispheres. The difference in precipitation is the main
factor affecting the FWF in the equatorial Pacific. Figure
2 shows the annual mean climatology of precipitation from
observations and the BNU-ESM simulation in the equatorial
Pacific. It shows that the biases of precipitation simulated
by the coupled model are mainly located along the western
and eastern coasts of the tropical Pacific and in the subtrop-
ical Pacific (Fig. 2c). Due to the so-called double ITCZ in
the tropical Pacific simulated by BNU-ESM (overestimated
precipitation), simulated FWF into the ocean is larger than
observed in the subtropical area of the southern Pacific. As a
result, FWF into the ocean is low in the western subtropical
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Fig. 1.Climatological annual mean FWF in the tropical Pacific:
(a) GPCP observation; (b) simulated by BNU-ESM; (c) their
difference (units: 10−5 kg m−2 s−1; positive when downward).

regions of the southern Pacific. The dominance of precipita-
tion over evaporation in the equatorial Pacific indicates that
precipitation is the main contributor to FWF variability.

The differences in FWF across the air–sea interface are
dominated by those in precipitation bias in the BNU-ESM
simulations (Fig. 1c). Comparison of the FWF simulated by
BNU-ESM with observations indicates a negative bias in the
relatively narrow regions in the equatorial band, with higher
FWF into the ocean between 20◦S and 20◦N. The main FWF
biases are located in the subtropics near 10◦ in both hemi-
spheres in the Pacific, with the maximum at 6.0× 10−5 kg
m−2 s−1 in the southern Pacific.

Overall, FWF simulated by BNU-ESM is larger than that
observed in the southern Pacific, especially around the SPCZ.
The freshwater bias mainly results from precipitation associ-
ated with the double ITCZ. Actually, based on recent research
(Lin et al., 2013a, 2013b; Kang et al., 2014), the biases of
surface freshwater simulated by coupled models are mainly
located along the western and eastern coast of the tropical Pa-
cific and in the subtropical Pacific, similar to the BNU-ESM
simulations. Comparing the biases of BNU-ESM, the Flex-
ible Global Ocean-Atmosphere-Land System Model, Grid-
point Version 2 (FGOALS-g2) and the Community Earth
system Model-1.0 (CESM1.0), the bias of FWF is the most
common phenomenon of coupled models in the Pacific due to

Fig. 2. Climatological annual mean precipitation in the tropical
Pacific: (a) GPCP observation; (b) simulated by BNU-ESM; (c)
their difference (units: mm d−1).

precipitation bias. The simulated FWF is too weak in the
western Pacific warm pool, too strong in the ITCZ, and too
strong and extended too far east in the SPCZ. But the posi-
tive FWF bias simulated by BNU-ESM is larger than that of
FGOALS-g2 and CESM1.0 in the ITCZ. As discussed in the
next section, the large freshwater biases in these vast regions
are closely related to sea surface salinity (SSS) simulation in
the ocean.

3.1.2. Sea surface salinity

Ocean salinity is directly affected by FWF, one of the
main factors controlling the spatial distribution of oceanden-
sity (Yu, 2011). Figure 3a shows the observed annual mean
climatology of the SSS field: high salinity occurs in the
subtropical convergence zones of the Northern and Southern
Hemispheres, with values of 35.3 and 36.3 psu, respectively.
SSS in the southern Pacific is higher than that in the Northern
Hemisphere. On the other hand, low salinity represents the
SPCZ and ITCZ features in the tropical Pacific. Addition-
ally, low salinity is located in a narrow belt along the equator
(namely, the warm pool and the Niño3 area in the equatorial
Pacific), with a value of about 34.2; these low salinity regions
reflect a response to a net input of FWF into the ocean.

The values of SSS simulated by BNU-ESM in the tropi-
cal Pacific (Fig. 3b) indicate a tendency for all simulated SSS
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Fig. 3. Climatological annual mean SSS in the tropical Pacific:
(a) ARGO observation; (b) simulated by BNU-ESM; (c) their
difference (units: psu).

to be lower than observations. For example, the highest SSS
value is about 35 psu in the southern Pacific. The low SSS is
located in the eastern equatorial Pacific, the warm pool, and
both sides along the equator. SSS displacement is in line with
the heavy precipitation zone simulated by BNU-ESM, which
results in lower SSS than that observed in the SPCZ and in
the subtropics of the southern Pacific. Compared with obser-
vations, SSS simulated by BNU-ESM is lower in the tropical
Pacific (Fig. 3c), and the largest bias is roughly 2 psu, clearly
related to the double ITCZ problem that occurs in many cou-
pled models (Lin, 2007).

There is a very close link between SSS and the local rate
of FWF. Both observations and the BNU-ESM simulations
share a common characteristic: there is a near linear relation-
ship between the FWF and SSS locally, i.e., a local excess of
precipitation over evaporation corresponds to low SSS. FWF
is a key factor in controlling the SSS distribution in the ocean.
Assuming that SSS is regulated by a one-dimensional balance
between vertical advection and diffusion, the large FWF into
the ocean should correspond to low SSS. The correspondence
between the spatial distributions of FWF and SSS indicates
that the local air–sea freshwater flux is one of the most impor-
tant factors regulating salinity distribution in the upperocean
(Zhang et al., 2006).

3.1.3. Mixed layer depth and buoyancy flux

Next, the effects of FWF on the MLD andQB fields are
analyzed using the annual mean climatology of observations
and BNU-ESM simulations. FWF influences ocean salinity
directly, and then modulates other ocean fields, such as MLD
andQB. Relationships among these ocean fields have been
discussed previously (Zhang and Busalacchi, 2009; Zheng
and Zhang, 2012), in which it has been shown that the effects
induced by FWF on these related physical fields indicate their
intrinsic relationship with MLD andQB.

The FWF forcing in the equatorial Pacific tends to indi-
rectly modulate SST in two ways. First, FWF into the ocean
reduces the salinity in the western-central region, where the
SST is relatively high. The decreased salinity stabilizes the
upper ocean and suppresses vertical mixing at the base of the
mixed layer. Second, FWF into the ocean has a direct effect
on QB which, in turn, exerts an effect on the entrainment of
subsurface water into the mixed layer and MLD. SinceQT

andQS tend to be opposite in sign, the effects onQB tend to
be compensated. Thus, as part ofQB, the FWF into the ocean
acts to compensate forQT, leading to a less positiveQB. Be-
cause the reduced positiveQB tends to depress entrainment
into the mixed layer, FWF into the ocean induces oceanic
processes that reduce the cooling influence on the ocean sur-
face layers in the western-central basin. These act to enhance
warming conditions. Therefore, MLD andQB are two impor-
tant physical fields associated with the FWF effect on SST in
the equatorial Pacific.

Figures 4 and 5 show the annual mean climatology of
MLD and QB for observations and the BNU-ESM simula-
tion. Some deep mixed layer regions (deeper than 60 m) are
located in the central basin and the SPCZ of the southern Pa-
cific (Fig. 4a), while two shallow regions (shallower than 30
m) are located in the western and eastern equatorial regions
in the observation. It is evident that, in the western equato-
rial regions, FWF into the ocean and low salinity possess a
clear correspondence with MLD. For example, the shoaling
of the mixed layer seen in the western Pacific can be related
to low salinity. Due to the greater FWF into the ocean and
lower salinity simulated by BNU-ESM in the central basin
and the SPCZ of the southern Pacific, a shallower than ob-
served mixed layer is simulated (Fig. 4c), with a difference
of 20 m. Similarly, a deeper MLD is seen in the eastern equa-
torial Pacific and the subtropical zones of the Northern Hemi-
sphere, where there is greater FWF out of the ocean than ob-
served. We attribute this to the higher salinity simulated by
BNU-ESM.

The QB is directly influenced by FWF in the equatorial
Pacific, as shown in Fig. 5. The convention used in this
paper is that positiveQB is defined as an influx into the sea
surface so that the sea surface layer becomes lighter (or more
buoyant) with a reduced (upward) buoyant force. TheQB

is the net contribution of the FWF part (QS) and the HF
part (QT). As a result, the composition of HF and FWF acts
as a positive or negative source for theQB, to which the ocean
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Fig. 4.Climatological annual mean MLD in the tropical Pacific:
(a) ARGO observation; (b) simulated by BNU-ESM; (c) their
difference (units: m).

responds through gravitational adjustment. In short,QB di-
rectly affects the MLD which, in turn, exerts effects on the
entrainment of subsurface cold water into the mixed layer in
the equatorial Pacific.

In the eastern equatorial Pacific (Figs. 5a, d and g),QT

is the dominant contributor toQB but, in the western-central
region,QS also makes a significant contribution toQB. Thus,
as part ofQB, FWF into the ocean acts to compensate for the
positiveQT distribution (Fig. 5g), leading to a more positive
QB field (Fig. 5a). The increased positiveQB tends to de-
press the MLD, giving rise to less entrainment of subsurface
water into the mixed layer in the western equatorial Pacific.
The combined effects induced by the positiveQS distribution
through theQB stabilize the upper layer and suppress mix-
ing and entrainment in the upper ocean. Oceanic processes
induced by FWF into the ocean surface lead to a warming
effect on the surface layer in the western-central basin.

Comparison of theQB, QS andQT simulated by BNU-
ESM with observations (Figs. 5b, e and h) shows that BNU-
ESM can simulate the spatial distribution ofQB, QS andQT

climatologies in the tropical Pacific reasonably well. How-
ever, due to the FWF bias simulated by BNU-ESM, theQS

simulated in the western tropical Pacific is higher than that
observed. There are excessive compensation effects onQT

(Fig. 5l); in particular, the positiveQB simulated by BNU-

ESM is stronger than observed in the western tropical Pacific
(Fig. 5c).

3.1.4. Climatological seasonal cycle

As shown in Fig. 6c, BNU-ESM captures the observed
feature of the FWF climatological seasonal cycle (Fig. 6a),
i.e., a positive FWF anomaly occurs in the equatorial Pacific
from January to March and a negative FWF anomaly for the
rest of the year. Furthermore, BNU-ESM also reproduces
the observed semi-annual variability. However, the transi-
tion from positive to negative anomaly happens a month later
in the simulated field than the observed; the FWF variabil-
ity in the model is stronger than observed, and the maximum
FWF anomaly occurs in the eastern Pacific in May, instead of
March as observed.

For the SSS climatological seasonal cycle along the equa-
tor, BNU-ESM (Fig. 6d) reproduces some of the observed
features (Fig. 6b), e.g., the positive SSS anomalous water
mass drifts from the western equatorial Pacific to the east-
ern equatorial Pacific; meanwhile, during the first half of the
year (January–May), a negative SSS anomaly is observed in
the eastern equatorial Pacific and, in the second half of the
year, a positive SSS anomaly in the western equatorial Pa-
cific.

However, the BNU-ESM simulation does contain some
biases. For example, the variability of the SSS anomaly
is weaker than observed, and the drift of the positive SSS
anomaly is slower than observed, from the western equatorial
Pacific to the eastern equatorial Pacific, leading to a stronger
than observed positive SSS anomaly. Furthermore, the area
of the positive anomaly is larger than observed in the west-
ern Pacific, resulting in a positive SSS anomaly simulated by
BNU-ESM across the dateline, farther west compared to ob-
servations, and the area of the positive SSS anomaly is larger
than observed in the latter half of the year in the central-
eastern equatorial Pacific.

In general, BNU-ESM shows a pattern with semiannual
variability, which cannot be observed in reality. It shows that
the climatological seasonal cycle of SSS could be influenced
not only by FWF but also by other oceanic processes.

3.2. Interannual variability

3.2.1. Total fields

The interannual variations of total FWF and SSS fields
along the equator are shown in Fig. 7. Fresh waters are evi-
dent in the far western equatorial Pacific, denoted as the fresh
pool, and saline waters are located in the central basin witha
front near the dateline, directly associated with a convergence
of water masses. In general, positive FWF varies greatly on
an interannual scale in the western equatorial Pacific, where
fresh waters are found in fall and saline waters in spring (Fig.
7a). Interannual variations of SSS derived from the objec-
tive EN3 V2a data are associated with ENSO events (Fig.
7b), predominantly controlled by the air–sea interaction pro-
cesses of winds, SST and the thermocline (e.g., Zhang and
Busalacchi, 2009).
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Fig. 5. Climatological distribution of buoyancy flux: total field (QB) (a) observed, (b) simulated by BNU-ESM, and (c) the
model bias relative to observation; the heat flux part (QT) (d) observed, (e) simulated by BNU-ESM, and (f) the model bias;
the freshwater flux part (QS) (g) observed, (h) simulated by BNU-ESM, and (l) the model bias relative to observation. Units:
1.0−5 kg m−2 s−1.

Longitudinal displacements of large FWF (input into the
surface) and SSS (higher than 34.8 psu) anomalies are ev-
ident along the equator. For example, during El Niño, the
fresh water pool in the western equatorial Pacific extends
eastward across the dateline and the saline water shrinks east-
ward along the equator across the dateline. In the equatorial
area, the SSS front also moves back and forth with ENSO
events (Fig. 7b). A freshening is seen in the western-central
basin, accompanied by an extension of the fresh pool east-
ward across the dateline during El Niño.

BNU-ESM can simulate the corresponding interannual
relationship observed between FWF and SSS (Figs. 7c and
d). Fresh waters are evident in the far western equatorial Pa-
cific, and saline waters are located in the central basin witha
front near the dateline.

3.2.2. Interannual anomalies

Figures 8a and b show the interannual FWF and SSS
anomalies observed along the equator. In terms of spatiotem-
poral structure, FWF varies most in the central-western equa-
torial Pacific (Fig. 8a), while large SSS variability higherthan
0.2 psu occurs in the western-central basin (Fig. 8b). The
SSS interannual variation shows a standing horizontal pattern

concentrated around the dateline in the western-central equa-
torial Pacific, where the FWF also has large variability (e.g.,
Zhang and Busalacchi, 2009). During El Niño, the anoma-
lous FWF is positive and higher than 2×10−5 kg m−2 s−1

and the anomalous SSS is negative and lower than−0.2 psu
in the central and western basin. During the evolution from an
El Niño to a La Niña phase, the FWF anomaly changes from
higher than 2× 10−5 kg m−2 s−1 to lower than−2× 10−5

kg m−2 s−1, and the SSS changes from a higher than−0.2
psu to a lower than 0.2 psu anomaly in the central equatorial
Pacific, as noted by Zheng and Zhang (2012).

As shown in Figs. 8c and d, BNU-ESM can realistically
simulate FWF (Fig. 8c) and SSS (Fig. 8d) interannual anoma-
lies along the equator. The distinct FWF and SSS interannual
anomalies are seen in the equatorial Pacific, but some differ-
ences exist between observations and the BNU-ESM simula-
tion. For example, the stronger positive FWF anomaly (much
higher than 4.0×10−5 kg m−2 s−1) simulated by BNU-ESM
is located in the western-central equatorial regions, which
extends to 140◦W farther eastward than observed. As a re-
sult, the negative SSS anomaly (lower than−0.6 psu) sim-
ulated in the western-central equatorial Pacific is stronger
than observed, while the negative SSS anomaly simulated by
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Fig. 6.Longitude–time sections of the climatological seasonal cycle along the equator (averaged between 2◦N and
2◦S) for (a) FWF and (b) SSS derived from EN3V2a data; and (c) FWF and (d) SSS simulated by BNU-ESM.
Units: 10−5 kg m−2 s−1 (for FWF) and psu (for SSS).
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Fig. 7.Longitude–time sections of full fields along the equator (averaged between 2◦N and 2◦S) for (a) FWF and
(b) SSS derived from EN3V2a data; and (c) FWF and (d) SSS simulated by BNU-ESM. Units:10−5 kg m−2 s−1

(for FWF) and psu (for SSS). The black line in (b) indicates the 34.8 psu isohaline, serving as the position of
the salinity front as observed, and the black line in (d) indicates the 34.0 isohaline simulated by BNU-ESM. The
y-coordinates of (c) and (d) are the last 30 year of 100 model year.
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Fig. 8. Longitude–time sections of anomalies along the equator (averaged between 2◦N and 2◦S) for (a) FWF
and (b) SSS derived from EN3V2a data; and (c) FWF and (d) SSS simulated by BNU-ESM. Units:10−5

kg m−2 s−1 (for FWF) and psu (for SSS). They-coordinates of (c) and (d) are the last 10 year of 100 model
year.

BNU-ESM in the western-central equatorial Pacific extends
to 140◦W farther eastward than observed.

The total fields of both observations and the simulation
are demonstrated in Fig. 7 and the corresponding interan-
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nual anomaly fields are shown in Fig. 8. The simulated FWF
shows a larger interannual variation and a higher frequency
crossing the dateline than in observations. Correspondingly, a
stronger FWF interannual variation simulated by BNU-ESM
is related to the stronger SSS interannual variability in the
equatorial Pacific.

3.3. Regression analysis

In order to more clearly depict the relationships among
the interannual anomalies of different variables, a regression
analysis is conducted for interannual anomalies of SST, SSS,
MLD, and theQB components (i.e.,QB, QT and QS) dur-
ing ENSO cycles. The dominant pattern for interannual SST
variability is extracted using empirical orthogonal functions
(EOFs). Then, the SST spatial pattern and corresponding
time coefficient are obtained from EOF1. The observed vari-
ance contribution is about 48%, while the simulated vari-
ance contribution is about 27%. This represents the SST
interannual pattern associated with ENSO. Using the SSTA
PC1 (first principle component), we obtain the spatial distri-
bution of some related fields using the regression analysis,
including SSS, MLD andQB. The first spatial pattern for

SST and the regressive spatial patterns for various observed
anomaly fields are shown in Fig. 9. During warm events,
a positive SST anomaly appears in the central-eastern basin
(Fig. 9a), accompanied by a large positive FWF anomaly in
the western-central equatorial Pacific, the SPCZ and ITCZ
(Fig. 9b). The direct effect of the positive FWF anomaly
leads to an increase in the negative SSS anomaly (Fig. 9c)
in the western-central Pacific. Correspondingly, the surface
ocean density becomes smaller. Accompanied by this, the
MLD becomes shallower in the western-central equatorial
Pacific, suppressing the entrainment of subsurface water into
the mixed layer (Fig. 9d). At the same time, as a response
to the positive FWF in the western-central Pacific,QS be-
comes a positive anomaly. SinceQT andQS are negatively
correlated with each other during the ENSO cycle, their ef-
fects onQB tend to be compensated. Thus, as part ofQB,
the positiveQS anomaly acts to compensate for the negative
QT anomaly (Fig. 9f), leading to a less negativeQB anomaly
(Fig. 9g). This reduced negativeQB anomaly tends to de-
crease the MLD in the western-central equatorial region (Fig.
9d). These oceanic processes are favorable for warming in
the surface layer, as previously demonstrated by Zhang and

Fig. 9. (a) SST EOF1 and the regressive spatial patterns of the related ocean fields in the equatorial regions for the
observation: (b) FWF; (c) SSS; (d) MLD; (e) theQS part; (f) theQT part; (g)QB. The contour intervals are 0.2◦C in
(a), 0.4×10−5 kg m−2 s−1 (◦C)−1 in (b), 0.1 psu (◦C)−1 in (c), 2.0 m (◦C)−1 in (d), 0.1×10−5 kg m−2 s−1 (◦C)−1

in (e), 0.2×10−5 kg m−2 s−1 (◦C)−1 in (f), and 0.4×10−5 kg m−2 s−1 (◦C)−1 in (g). The colored areas in (b–g) are
statistically significant at the 99% confidence level.
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Fig. 10.As in Fig. 9 but for the BNU-ESM simulation. The colored areasin (b–g) are statistically significant at the 99%
confidence level.

Busalacchi (2009).
The corresponding anomaly fields simulated by BNU-

ESM are shown in Fig. 10. As observed, the SST EOF1 sim-
ulated by BNU-ESM also represents the ENSO mode (Fig.
10a). For example, during El Niño, there is more FWF into
the ocean in the western-central equatorial Pacific (Fig. 10b),
corresponding to the larger negative SSS anomaly (Fig. 10c).
The high FWF into the ocean causes a lower surface density
simulation by BNU-ESM, making the upper ocean more sta-
ble and thus suppressing cold water movement into the mixed
layer (Fig. 10d). This results in stronger warming of SST
during El Niño events. Therefore, these analyses can be uti-
lized to illustrate positive feedback between FWF and SST
during ENSO cycles, through the corresponding relationships
among SSS, MLD, andQB. ENSO cycles are characterized
by SST anomalies over the equatorial regions, which induce
a pronounced FWF feedback effect on SST in the western-
central basin (Zhang and Busalacchi, 2009).

As shown in Figs. 8c and d, BNU-ESM simulates the
interannual anomalies of FWF and SSS along the equator
well. However, some differences exist between observa-
tions and the BNU-ESM simulation. For example, the strong
positive FWF anomaly simulated by BNU-ESM is located
in the western-central equatorial regions, which extends far-
ther eastward than observed. As a result, the negative SSS

anomaly simulated in the western-central equatorial Pacific is
stronger than observed, while the negative SSS anomaly sim-
ulated by BNU-ESM in the western-central equatorial Pacific
extends farther eastward than observed.

4. Concluding remarks
FWF, as an ocean forcing through its direct effect on SSS,

can change ocean thermal structure and other ocean fields,
acting to modulate SST in the tropical Pacific. These physical
processes have been previously analyzed and illustrated using
simplified coupled ocean–atmosphere models (e.g., Zhang
and Busalacchi, 2009; Zheng and Zhang, 2012). The salin-
ity effects and related FWF forcing are found to have a close
association with interannual variability in the tropical Pacific.

The main purpose of this paper is to assess BNU-ESM
performance in terms of its simulations of mean climatology
and variations of FWF and salinity fields in the tropical Pa-
cific. A comparison between the BNU-ESM simulation and
observation has been made to analyze FWF-related physical
processes. For climatological annual mean fields, large FWFs
into the ocean are mainly located in the far western equato-
rial Pacific, as represented by the fresh pool in the ocean;
saline waters are located in the central basin with a front near
the dateline, directly associated with a convergence of water
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masses. The relatively shallower MLD in the western equa-
torial Pacific is associated with the lower SSS in the warm
pool. At the same time, as one part ofQB, a large FWF into
the ocean in the western-central regions tends to compensate
for HF, leading to significant modulations ofQB. On an in-
terannual time scale, SSS has large variations in response to
the FWF anomaly in the western equatorial Pacific. The rela-
tionships among interannual variations in SST, FWF and SSS
evolve during the ENSO cycle. BNU-ESM is able to repro-
duce the FWF-induced oceanic dynamic processes, a positive
feedback on ENSO intensity.

The spatial distributions of SSS and the related oceanic
fields simulated by BNU-ESM, including SST, MLD andQB,
agree well with observations. However, positive FWF bias
simulated by BNU-ESM is seen in the western-central trop-
ical Pacific, particularly over the ITCZ and SPCZ. Based on
the relationships between FWF and related physical fields,
FWF bias simulated by BNU-ESM is clearly reflected in SSS
and SST simulations. In the western equatorial Pacific, for
example, a strong FWF anomaly corresponds to a low SSS
and a small surface ocean density in the warm pool. Also,
a strong FWF anomaly acts to compensate more for an HF
anomaly, leading to a large modulation ofQB, which tends
to reduce the MLD. These related processes act to stabilize
the upper ocean and depress mixing at the base of the mixed
layer. As such, the FWF-induced positive feedback effect on
SST simulated by BNU-ESM is stronger than observed dur-
ing ENSO cycles. These process-oriented analyses provide
guidance to improve BNU-ESM.

In addition, the biases between the BNU-ESM simula-
tions and observations identified in this paper also require
more objective analyses, because the quantity of observa-
tional data is poor in the comparison. For example, due to
the lack of observations in the ocean, most data are reanal-
ysis products, except for a few observations. Although the
ARGO data have a wide range of applications in studying
climate, their length is short, as the quality is high only after
2005. So, in terms of the performance of BNU-ESM in the
PI control case, ARGO-based observations are not suitable
for adequately assessing the biases of the BNU-ESM simula-
tions. These issues need to be addressed in future work.
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