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Abstract Studies have suggested that surface nudging
could be an efficient way to reconstruct the subsurface
ocean variability, and thus a useful method for initializ-
ing climate predictions (e.g., seasonal and decadal predic-
tions). Surface nudging is also the basis for climate models
with flux adjustments. In this study, however, some nega-
tive aspects of surface nudging on climate simulations in a
coupled model are identified. Specifically, a low-resolution
version of the NCEP Climate Forecast System, version 2
(CFSv2L) is used to examine the influence of nudging on
simulations of climatological mean and on the coupled
feedbacks during ENSO. The effect on ENSO feedbacks
is diagnosed following a heat budget analysis of mixed
layer temperature anomalies. Diagnostics of the climato-
logical mean state indicates that, even though SST biases
in all ocean basins, as expected, are eliminated, the fidel-
ity of climatological precipitation, surface winds and
subsurface temperature (or the thermocline depth) could
be highly ocean basin dependent. This is exemplified by
improvements in the climatology of these variables in the
tropical Atlantic, but degradations in the tropical Pacific.
Furthermore, surface nudging also distorts the dynami-
cal feedbacks during ENSO. For example, while the ther-
mocline feedback played a critical role during the evolu-
tion of ENSO in a free simulation, it only played a minor
role in the nudged simulation. These results imply that,
even though the simulation of surface temperature could
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be improved in a climate model with surface nudging, the
physics behind might be unrealistic.

1 Introduction

In its simplest conceptual form, the thermodynamic equa-
tion governing the sea surface temperature (SST) can be
written as:

aa—f =0y +0Op, (1)
which describes the tendency of SST to be determined by
two processes: the net local air-sea heat exchanges (Q,)
including the solar and longwave radiation, sensible and
latent heat flux, and the oceanic heat transports (Q) con-
sisting of horizontal and vertical temperature advections,
entrainment of cold water into the oceanic mixed layer,
sub-scale temperature diffusion and the penetrating solar
radiation through the bottom of the mixed layer. In the cou-
pled model simulations with surface nudging, Eq. (1) gets
modified as follows:

%=Q0+QD+AQ, @

where AQ represents the additional nudging (restoring)
effect.

Studies have suggested that surface nudging could be an
efficient way to reproduce the subsurface thermal variabil-
ity (e.g., Kumar et al. 2014a, b; Servonnat et al. 2015; Ray
et al. 2015). For example, Kumar et al. (2014a, b) demon-
strated that coupled model integration with SST continu-
ously nudged to the observed state can generate a realistic
evolution of subsurface ocean temperatures; the evolution
of slow variability related to ENSO, in particular, has a
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good resemblance to its observational counterpart. Fur-
ther, Servonnat et al. (2015), in a perfect model framework,
found that while nudging SST is enough to reconstruct the
subsurface thermal condition in the tropics, sea surface
salinity (SSS) nudging is also required in the mid-to-high
latitudes. The physical basis for the success of nudging
approach in simulating realistic sub-surface ocean variabil-
ity is that, in addition to providing a realistic oceanic mixed
layer temperature because of nudging, the observed SST
information, through air-sea interaction and coupling adds
further to the simulation of sub-surface variability via its
ability to also partially reproduce observed surface winds
(Kumar et al. 2014a, b).

The surface nudging, therefore, could be a useful ini-
tialization scheme for climate predictions from seasonal
(e.g., Keenlyside et al. 2005; Luo et al. 2005, 2007; Zhu
et al. 2015a, 2017a) to decadal (e.g., Keenlyside et al.
2008; Swingedouw et al. 2013) time scales, because the
climate predictability mainly resides in the sub-surface
ocean memory. Indeed, evidence for skillful predictions has
been presented based on the simple initialization schemes.
For instance, most recently Zhu et al. (2017a) found that
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for predictions of SST, 2-m temperature and precipitation
over land, prediction skill by the simple ocean initialization
procedure was well within the range of skills of predictions
that were initialized by the sophisticated data assimilation
schemes. This result suggested that most present-day capa-
bilities of seasonal predictions can be captured by utilizing
a simpler SST only initialization procedure. In comparison
with the sophisticated initialization scheme that assimi-
lates subsurface ocean observations as well, even if surface
nudging might have somewhat less potential to realize cli-
mate predictability, it can be used to extend climate hind-
casts farther back because of the availability of longer SST
records than of subsurface ocean observations. The advan-
tage is especially valuable for studies of decadal predic-
tions and predictability (e.g., Meehl et al. 2014), for which
initialization using sophisticated initialization schemes can
hardly produce enough independent forecast samples.

In addition, surface nudging is also the basis for cli-
mate models with flux adjustments. The adjustment term
in the flux-corrected models is usually estimated based
on prior runs where fluxes [i.e., AQ in Eq. (2)] neces-
sary to maintain simulated temperatures close to the
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Fig. 2 Same as in Fig. 1, but
for precipitation relative to
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observed climatology are first estimated. Taking the pro-
cedure by Xiang et al. (2012) as an example, monthly
AQ from a strong SST restoring simulation was saved,
and its long-term mean was then added to the SST equa-
tion of the model, thereby constructing a flux-corrected
version of the model. By including the adjustment term,
the flux-corrected model tries to mimic the properties of
the nudged run. However, there are differences between
nudged and flux-corrected experiments. For example,
the flux-corrected simulation generates its own ENSO
variability, while the nudged simulation is restored to
a specified ENSO variability (e.g., the observed one).
Even though the strategy of flux adjustments fell out of
favor of the scientific community for a while, it has seen
a comeback in recent years (e.g., Spencer et al. 2007,
Manganello and Huang 2009; Pan et al. 2011; Kroger
and Kucharski 2011; Xiang et al. 2012; Magnusson et al.
2013a, b; Vecchi et al. 2014), mainly for the pragmatic
purpose of improving the skill of dynamical climate pre-
dictions and projections which are thought to be nega-
tively influenced by biases in SSTs.

(b) Nudged R

. ®

Given the utility of the surface nudging method, further
investigations with diverse climate models are required to
understand the physical processes related to it, e.g., how the
physical mechanisms associated with the ENSO could be
affected by it. In this study, such an analysis is conducted
with a low-resolution version of the NCEP Climate Fore-
cast System, version 2 (CFSv2L), and two questions are
addressed: (a) how are the climatological mean states of
some key variables other than SST are affected? (b) Are
ENSO-related feedbacks modified by the surface nudg-
ing in coupled models? Previous studies about nudged
simulations were mostly focused on the assessment about
how well the observed variability (especially the subsur-
face thermal condition) was reproduced (e.g., Kumar et al.
2014a, b; Servonnat et al. 2015; Ray et al. 2015), but few
assessed how physics behind the variability are modified
by the nudging. In fact, when the nudged term [i.e., AQ in
Eq. (2)] is included in a model, the other terms (i.e., Q) are
also expected to change. For example, in a coupled model
used by Xiang et al. (2012), the thermocline feedback dur-
ing ENSO is enhanced by correcting the mean SST bias
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Fig. 3 Same as in Fig. 1, but
for 10-m winds relative to
CFSR winds. Vectors (colors)
are for wind vectors (zonal
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with a flux adjustment. However, as will be illustrated,
there is also a possibility that the representation of climato-
logical states and coupled feedbacks could be degraded by
the surface nudging.

The paper is arranged as follows. The model, experi-
ments, datasets and diagnostic methods are described in the
next section. Results are presented in Sect. 3 that include
the influence of nudging on the simulation of climatologi-
cal mean state and on the characteristics of coupled feed-
backs during ENSO. The summary and discussion are
given in Sect. 4.

2 Model, experiments and datasets

The model used in this study is a variant of NCEP CFSv2
(Saha et al. 2014) with lower horizontal resolutions in both
atmospheric and oceanic components. A lower resolution
is simply to enhance throughput. To distinguish from the
standard CFSv2 currently used for the operational sea-
sonal-to-interannual prediction at NCEP, the low-resolution
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CFSv2 is referred to as CFSv2L. In CFSv2L, the ocean
model is the GFDL MOM version 4, which is configured
for the global ocean with a horizontal grid of 1° X 1° pole-
ward of 30°S and 30°N and meridional resolution increas-
ing gradually to 0.33° between 10°S and 10°N. The vertical
coordinate is geopotential (z—) with 40 levels (27 of them
in the upper 400 m), with maximum depth of approxi-
mately 4.5 km. The atmospheric model of CFSv2L is the
Global Forecast System, which has horizontal resolution
at T62, and 64 vertical levels in a hybrid sigma-pressure
coordinate. The oceanic and atmospheric components of
CFSv2L exchange surface momentum, heat and freshwater
fluxes, as well as SSTs, every 60 min. CFSv2L has been
used for studies about seasonal predictability (Zhu et al.
2017a) and MJO (Zhu et al. 2017b).

In this study, two experiments based on CFSv2L are
compared to explore the impact of surface restoring on cli-
mate simulations. The first one (referred to as the Free Run)
is initialized from the Climate Forecast System Reanalysis
(CFSR; Saha et al. 2010) state on 1 January 1980, and run
for 40 years. The outputs for the last 30 years are used for
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Fig. 4 Climatological mean
temperature bias (°C) along
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(a) Free Run

the equator relative to GODAS 0
temperature for a the Nudged
Run, b the Free Run. The solid
(dashed) contour is the 20°C
isothermals in GODAS (the
Free or Nudged Run)

50

100 1

150 1

2004

250

300

60E

180 120W 60W 0
(b) Nudged Run

50

1001

150 1

200

250 1

300

60E 120E

D20(GODAS)
— — — D20(Free or Nudged Run)

analyses. The second simulation (referred to as the Nudged
Run) is where the model SST is nudged to the observed
daily SST. The restoring time scale for the nudging is cho-
sen as 3.3 days, a time scale following previous work with
CFSvl (Wang et al. 2013; Kumar et al. 2014a, b). The
observed daily SSTs are interpolated from the monthly
SSTs from the National Oceanic and Atmospheric Admin-
istration (NOAA) Optimum Interpolation SST (OISST)
version 2 (Reynolds et al. 2002). Some initial analysis of
the Nudged Run suggests that the evolution of subsurface
ocean temperature were more realistically achieved by
CFSv2L than by CFSv1 (Zhu et al. 2017a). Also, starting
from the initial states from the Nudged Run, promising sea-
sonal prediction skill was achieved (Zhu et al. 2017a). In
this study, the Nudged Run is evaluated for its simulations
during 1984-2013.

The datasets applied for comparison include monthly
SST from OISST (Reynolds et al. 2002), monthly precipita-
tion from the National Oceanic and Atmospheric Admin-
istration’s (NOAA) Climate Prediction Center Merged

Analysis of Precipitation (CMAP) (Xie and Arkin 1997),
monthly wind fields from CFSR (Saha et al. 2010), and
monthly subsurface ocean temperatures from the NCEP
Global Ocean Data Assimilation System (GODAS;
Behringer and Xue 2004). Their climatological mean states
are calculated based on 1984-2013.

3 Results
3.1 Impact on climatological mean

In this section, we explore the influence of surface nudg-
ing on the simulated climatological mean states. Figure 1
presents the global SST mean biases relative to the OISST
climatology in the Free Run and the Nudged Run. As
expected, the Nudged Run shows negligible SST biases. In
the Free Run, the global SSTs in CFSv2L are generally too
cold, except some warm biases in the southeastern tropical
Pacific and Atlantic Oceans, and the Southern Ocean. The
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Fig. 5 Longitude-time lag 1

section of terms in Eq. (3) R e g ressions
regressed onto Nifio-3 index in (a) Tt (GODAS)

a—c GODAS, d—f the Free Run 5 .\d"
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T, (the tendency of temperature
anomalies), b, e, h Q (the net
heat flux term) and ¢, f, i eps
(the residual term). Units are
month™!. Black contours in a, d,
g represents the regressions of
mixed layer temperature against
Nifio-3 index. All regressions
are shown along the equator
averaged between 5°S and 5°N
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cold bias is especially evident in the extratropical Pacific
and the North Atlantic where the bias reaches below —5 °C,
while it is lower in the tropical ocean, generally less than
—2°C. Specifically, the tropical Indian Ocean is featured by
a uniform cold bias. Over the tropical Pacific, in addition to
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the cold bias, there is also a slight warm bias in the south-
eastern tropical Pacific Ocean. Over the tropical Atlantic,
the SST bias is featured by a meridional pattern with the
North (South) tropical Atlantic exhibiting a cold (warm)
bias.
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Fig. 6 Same as in Fig. 5, but

for a, e, i the zonal advective
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The spatial pattern of differences in climatological
mean precipitation (Fig. 2), to some extent are consistent
with the differences in SSTs in that warmer SSTs in the
nudged runs (compared to the free run) are generally asso-
ciated with higher mean precipitation. However, although
by construction SSTs in the nudged runs are closer to the
observed everywhere, it is not the case for precipitation,
i.e., an increase in precipitation bias also occurs over some
basins. For example, in the tropical Indian Ocean while
there is no well-organized precipitation bias in the Free
Run, there is a wet bias of 3 mm/day in the southwestern
tropical Indian Ocean in the Nudging Run. Also, in the
tropical Pacific, even though the wet bias seems slightly
reduced in the Nudged Run over the South Pacific con-
vergence zone (SPCZ) region, the precipitation biases are

clearly enhanced in the north, particularly over the tropical
western North Pacific (TWNP) region where a wet bias is
clearly seen. The TWNP precipitation bias in the Nudged
Run might be caused by lack of coupling, which otherwise
will play a damping role in the occurrence of convections
as in the Free Run (Zhu and Shukla 2013). For the tropical
Atlantic basin, while the precipitation bias in the Nudged
Run might be caused by the same mechanism as over the
TWNP, its counterpart in the Free Run seems to be related
to the SST bias pattern, featured by the southward migra-
tion of the Intertropical convergence zone (ITCZ; Fig. 2a)
which occurs as a response to the SST meridional pattern
by the same mechanism as in the Atlantic Meridional Mode
(AMM; e.g., Moura and Shukla 1981; Huang and Shukla
1997).
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Regressions of budget terms onto Nino3
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Fig. 7 Same as in Fig. 5, but for a, ¢ the meridional advective effect
term (VA) and the nonlinear dynamical heating term (NDH)

Associated with the precipitation biases, there are clear
and physically consistent differences in surface winds
and subsurface ocean thermal conditions. For the tropical
Pacific, in contrast to Magnusson et al. (2013a) who dem-
onstrated reduced wind biases because of surface nudging
in a version of ECMWF coupled model (i.e., the ECMWF
IFS model, version 36rl), in CFSv2L surface nudging
clearly degrades the wind simulations (Fig. 3a vs. b). In
particular, while only some marginal meridional wind
biases are present in the central Pacific in the Free Run, sig-
nificantly larger zonal wind biases (reaching 2 m/s) are pre-
sent in the western Pacific in the Nudged Run, indicative of
weakened trade winds over the tropical Pacific by surface
nudging. As a consequence of the weakened trade winds,
the subsurface thermal conditions are also significantly
modulated, featured by a flattened thermocline along the
equator in the Nudged Run (Fig. 4b). Correspondingly, in
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the Free Run the thermocline depth is close to that in obser-
vations with negligible biases in subsurface temperature,
but in the Nudged Run the thermocline is clearly deeper in
the eastern Pacific (by ~20 m) with the ocean temperature
along the thermocline 4 °C higher than in observations and
the Free Run (Fig. 4a vs. b). As will be seen in next sec-
tion, the climatological bias in thermocline depth exerts
a significant effect on dynamical feedbacks during ENSO
(particularly the thermocline feedback) in the Nudged Run.

Over the tropical Indian Ocean, the surface winds are
also influenced by surface nudging, from little wind biases
in the Free Run (Fig. 3a) to noticeable westerly biases over
the southwestern tropical Indian Ocean in the Nudged
Run (Fig. 3b). The westerly biases in the Nudged Run are
part of a local cyclonic wind bias (Fig. 3b), which corre-
sponds to too much local precipitation in the Nudged Run
(Fig. 2b). In terms of subsurface ocean, slightly shallower
thermocline along the equator is simulated in the Free Run
is changed to slightly deeper thermocline in the Nudged
Run, and there are also consistent subsurface temperature
changes.

Over the tropical Atlantic Ocean, SST nudging seems to
improve the climatological simulations in both winds and
subsurface conditions. In the Free Run, in correspondence
to the AMM-type biases in SST and precipitation, strong
cross-equatorial wind biases are evident, particularly over
the western and central Atlantic. The meridional wind bias
along the western coast would induce extra Ekman pump-
ing, and thereby large cold biases (reaching —5 °C) are pre-
sent in the western basin (Fig. 4a). As a result of the cold
biases together with westerly wind biases along the equator,
the thermocline is too flat in the Free Run in comparison
with GODAS. On the other hand, when surface nudging is
applied in CFSv2L, the wind biases over the basin become
much smaller (Fig. 3b), and consistently, the thermocline
exhibits a structure similar to as in GODAS (Fig. 4b).

In summary, the above analyses suggest that the effect of
surface nudging on simulating climatological mean states
might depend on different basins. In CFSv2L, while nudg-
ing clearly improved the climatological simulations over
the tropical Atlantic, it degraded the simulations over the
tropical Pacific, and the effect on the tropical Indian Ocean
was generally smaller than the two tropical basins.

3.2 Impact on coupled feedbacks during ENSO

Now, we examine how the coupled feedbacks during ENSO
are sensitive to surface nudging. We focus on ENSO vari-
ability because its global impacts and its critical role in
global climate predictions. For analyzing the coupled feed-
backs, a heat budget analysis of mixed layer temperature
anomalies is conducted. In this study, the mixed layer depth
is roughly taken as the constant of 50 m for a qualitative
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Regressions of budget terms onto Nino3 (Lag=—6 mon): GODAS
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Fig. 8 Horizontal distribution of terms in Eq. (3) regressed onto
Nifio-3 index at the lag time of —6 months in GODAS (correspond-
ing to 6 months before the peak phase of El Nifio): a T, (the tendency
of temperature anomalies), b Q (the net heat flux term), ¢ eps (the
residual term), d ZA (the zonal advective feedback term), e EK (the

exploration, an approach which has been used in many
studies (e.g., Kang et al. 2001; Jin et al. 2003; An and Jin
2004). For the heat budget analysis, the following equation
(e.g., Kang et al. 2001; Jin et al. 2003; Zhu et al. 2011) is
applied:

Ekman pumping feedback term), f MA (the mean current effect
term), g TH (the thermocline feedback term), h VA (the meridional
advective effect term) and i NDH (the nonlinear dynamical heating
term). Units are month™!

approximates the mixed layer depth, and £ means the resid-
ual term (including the diffusive effects in two runs as well
as the restoring effects in the Nudged Run). The vertical
advection term is determined by the difference between
the 50 m-averaging temperature and the temperature at the

oT’ ,0T 0T ,0T _oT' _oT' _oT' ,oT' 0T’ , 0T’ (o4
— = U—V—W—=——l— -V —Ww——u— -V ——-w—+ +e,
ot 0x dy 0z ox dy 0z ox dy Jdz  pC,H 3)
;\K—J\ /\—\,—J\ /\—\,—J& ~ /
zA VA EK MA TH NDH
where (.) means the climatological annual cycle, (.)) means 65 m depth.

monthly mean anomalies, (0/0x,d/dy,d/0z) denotes the
3D gradient operator, T represents the mean temperature in
the uppermost 50 m, (u, v, w) denotes the 3-dimensional
ocean current, Q stands for the net heat flux into the ocean,
p = 10224 kg/m” is the density of seawater, C, = 3940 J/
kg/°C is the heat capacity of sea water, H=50 m

In Eq. (3), except for tendency (7}), net heat flux (Q)
and residual (g), the remaining terms could be catego-
rized into six feedback processes, i.e., the zonal advective
feedback (ZA), the meridional advective effect (VA), the
Ekman pumping feedback (EK), the mean current effect
(MA) and the thermocline feedback (TH) and the nonlinear
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Regressions of budget terms onto Nino3 (Lag=—6 mon): Free Run
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Fig. 9 Same as in Fig. 8, but in the Free Run

dynamical heating (NDH). Compared with the Bjerknes
index (Jin et al. 2006; Kim and Jin 2011), the ENSO diag-
nostics with Eq. (3) has the advantage of applying fewer
assumptions and the inclusion of the nonlinear process (i.e.,
the NDH term) as well. Studies have suggested that the dif-
ferent feedback processes play different roles in ENSO evo-
lutions. Generally, the terms of ZA, EK, MA and TH are
recognized as important factors for ENSO evolutions (e.g.,
Bjerknes 1969; Suarez and Schopf 1988; Battisti and Hirst
1989; Jin 1997; Kang et al. 2001; Picaut et al. 1996), and
the VA term is usually thought negligible (Jin et al. 2006;
Kim and Jin 2011). On the other hand, the NDH term is
suggested to be important for the existence of ENSO asym-
metry (Jin et al. 2003; An and Jin 2004; DiNezio and Deser
2014).

To explore the evolution of above terms associated
with ENSO, the lead-lag regressions against the Nifio-3
index are calculated as in Kang et al. (2001), and these
regressions are compared between the Free Run and the
Nudged Run. For a better inter-comparison, the same
heat budget diagnostics and corresponding analyses are
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also conducted for GODAS (Behringer and Xue 2004),
which is used as a substitute of observations in spite of
uncertainties in current ocean data analyses (e.g., Zhu
et al. 2012). Figures 5, 6 and 7 present the time-longitude
sections of the lead-lag regressions averaged between 5°S
and 5°N. Note that the results are not very sensitive to
the choice of the meridional domain from 2°S-2°N to
7°S—T7°N.

The time tendency of mixed layer temperature (Fig. Sa,
d, g) for both simulations and GODAS show little propa-
gation along the equator, but the developing and decaying
processes of ENSO in the CFSv2L Free Run seem to last
slightly longer than in the Nudged Run. For the local sur-
face heat flux (Fig. 5b, e, h), both runs and GODAS also
have a similar evolution, i.e., almost out of phase with the
Nifio-3 SST anomaly, suggesting a damping role during the
ENSO evolution. For the residue term (Fig. 5c, f, i), while
both runs exhibit ill-organized structures, GODAS and the
Nudged Run has clearly larger amplitude, which is because
of additional contributions from the data corrections by
3-dimensional data assimilation or surface nudging.
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Fig. 10 Same as in Fig. 8, but in the Nudged Run

Figure 6 presents the regressions for terms about ZA,
EK, MA and TH that were recognized as important factors
for ENSO evolutions (e.g., Bjerknes 1969; Suarez and
Schopf 1988; Battisti and Hirst 1989; Jin 1997; Kang et al.
2001; Picaut et al. 1996). For EK (Fig. 6b, f, j), whose
effect during ENSO was first emphasized by Bjerknes
(1969), GODAS and the Free and Nudged Runs show simi-
lar evolutions, i.e., it plays an important role during both
the development (i.e., the negative lead times) and the
decay (i.e., the positive lead times) stages of ENSO, but its
effect is confined within the far eastern coastal region. For
MA (Fig. 6¢, g, k), GODAS and the Free and Nudged Runs
also present similar lead-lag relationships with their Nifio-3
index. Its decomposition suggests that the MA effect is
dominated by the anomalous temperature advection by
mean meridional current (i.e., —1‘/%) (figures not shown).

Generally, the MA term varies in phase with ENSO, sug-
gesting an amplifying role during the ENSO evolution.
While this finding is consistent with many previous analy-
ses like Battisti (1988) and Kang et al. (2001), it seems
contrary to diagnostics with the Bjerknes index (e.g., Jin

et al. 2006; Kim and Jin 2011), possibly because the index
applies many simplifications and assumptions.

For the ZA and TH terms, two most important feedbacks
during ENSO evolutions (e.g., Suarez and Schopf 1988;
Battisti and Hirst 1989; Jin 1997; Picaut et al. 1996), influ-
ences of surface nudging are seen more clearly. During the
development phase of ENSO in GODAS and the Free Run,
ZA (Fig. 6a, e) and TH (Fig. 6d, h) both have positive val-
ues, suggesting positive feedbacks during the growth phase
of ENSO events. After its peak, negative values are present
in ZA and TH (particularly in TH), which means they are
contributing to the transition from the one phase of ENSO
to the other. These roles played in the ENSO transitions
actually is a reflection of the ocean memory, and are the
basis for the ENSO predictability.

For the Nudged Run (Fig. 6i, 1), the roles played by ZA
and TH terms change considerably. Firstly, they become
more in-phase with the Nifio-3 index, which is particularly
true for the thermocline feedback (i.e., TH). It means that
the two feedbacks have more influence on amplitude than
on phase transition of ENSO. Furthermore, the TH effect
is more confined to the far eastern Pacific than that in the
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Regressions of budget terms onto Nino3 (Lag=6 mon): GODAS
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Fig. 11 Same as in Fig. 8, but at the lag time of 6 months (corresponding to 6 months after the peak phase of El Nifio)

Free Run, and correspondingly has a weaker influence on
the SST variability of the eastern Pacific. These results
highlight that, although SST variations could be better rep-
resented by surface nudging, the physics behind might be
modified and become unrealistic.

For the remaining two terms (i.e., VA and NDH; Fig. 7),
they generally have much smaller values than others in
GODAS and both runs. The finding supports assumptions
made in previous studies (e.g., Jin et al. 2006; Kim and Jin
2011) which simply ignored them. However, they might
be important for higher moments of ENSO which is not a
focus of the present study; for example, Jin et al. (2003),
An and Jin (2004) and DiNizeo and Deser (2014) sug-
gested that NDH was important for the appearance of its
non-zero skewness.

Horizontal distributions of the terms in Eq. (3) regressed
onto Nifio-3 index are shown in Figs. 8, 9 and 10 for the
developing phase and in Figs. 11, 12 and 13 for the decay-
ing phases of ENSO. During the developing phase (corre-
sponding to the lag of —6 months in Figs. 5, 6, 7), signifi-
cant differences between the Free Run and the Nudged Run
appear in the TH term (Fig. 9g vs. Fig. 10g) and residue
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term (Fig. 9c vs. Fig. 10c). Particularly, in the Free Run,
the thermocline feedback (Fig. 9g) contributes the larg-
est to the tendency of temperature anomalies (Fig. 9a)
over the equatorial region, but the residue term (Fig. 9c)
that includes the diffusive effects generally makes a nega-
tive contribution. The features are consistent with those in
GODAS (Fig. 8). However, in the Nudged Run, the thermo-
cline feedback (Fig. 10g) becomes much weaker, only con-
tributing marginally to the tendency of temperature anom-
alies (Fig. 10a); in contrast, the residue term (Fig. 10c)
becomes the most important contributor to the SST
changes. A similar contrast between the Free and Nudged
Runs is also present during the decay phase (correspond-
ing to the lag of 6 months in Figs. 5, 6, 7) for the thermo-
cline feedback (Fig. 12g vs. Fig. 13g) and the residue terms
(Fig. 12c vs. Fig. 13c). The comparisons confirm again that
surface nudging could significantly modify the physics that
are responsible for the surface temperature evolution. Spe-
cifically, for CFSv2L, because of the surface nudging the
tendency of temperature anomalies becomes unrealistically
dominated by the residue term relative to other more physi-
cal terms like the thermocline feedback term.
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Fig. 12 Same as in Fig. 11, but in the Free Run

The weakened thermocline feedback associated with
ENSO in the Nudged Run (Figs. 10g, 13 g) might be related
to its weakened trade winds in the tropical Pacific (Fig. 3b).
As shown above, the wind biases flatten the thermocline
along the equator, and correspondingly the thermocline
becomes unrealistically deep in the eastern Pacific in the
Nudged Run (Fig. 4b), because of which the surface-ther-
mocline connection becomes less efficient than in the Free
Run or observations (Zelle et al. 2004; Zhu et al. 2015b),
resulting in a weaker thermocline feedback.

4 Conclusion and discussion

Previous studies suggested that surface nudging could be
used for many purposes. For example, because it can effi-
ciently reconstruct the subsurface variability (e.g., Kumar
et al. 2014a, b; Servonnat et al. 2015; Ray et al. 2015),
it could be a useful method to initialize climate predic-
tions (e.g., seasonal and decadal predictions; Keenlyside
et al. 2005, 2008; Luo et al. 2005, 2007; Zhu et al. 2015a,
2017a; Swingedouw et al. 2013). Also, surface nudging

is the basis for climate models with flux adjustments. In
this study, however, some problems associated with sur-
face nudging are identified for climate simulations.
Specifically, two simulations based on a low-resolution
version of the NCEP Climate Forecast System, version 2
(CFSv2L) were compared—one is free run and another
one applies surface nudging. Firstly, it was found that, as
expected, even though SST biases are removed, improve-
ment in the simulations of climatological precipitation,
surface winds and subsurface temperature (or the thermo-
cline depth) are basin-dependent, which is exemplified by
improvements in the tropical Atlantic, but degradations
in the tropical Pacific. Further, based on a heat budget
analysis of mixed layer temperature anomalies, the effect
of surface nudging on coupled feedbacks was diagnosed.
It was identified that surface nudging can significantly
distort the dynamical feedbacks during ENSO. For exam-
ple, while the thermocline feedback term played a criti-
cal role during the evolution of ENSO in CFSv2L, it
only played a minor role in the nudged simulation. These
results imply that, even though the simulation of surface
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Fig. 13 Same as in Fig. 11, but in the Nudged Run

temperature could be improved in a climate model with
surface nudging, the physics behind could be unrealistic.

It should be noted that the impact of surface nudging on
model simulations is likely to highly depend on models.
For example, while our study suggested that surface nudg-
ing degrades the simulation of zonal 10-m wind in CFSv2L
(Fig. 3), an improvement was found by Magnusson et al.
(2013a) in their model (i.e., the ECMWF IFS model, ver-
sion 36rl). Also, in contrast to Xiang et al. (2012) who
found that the thermocline feedback during ENSO was
enhanced in their model by correcting the SST bias, our
experiments suggest a weakened thermocline feedback
by SST nudging. On the other hand, the performance of
surface nudging could also depend on different basins. In
terms of CFSv2L, it degrades the climatological simula-
tions over the tropical Pacific, but it seems to improve the
tropical Atlantic simulations.

The reason why the influence of surface nudging is
basin- and model-dependent is likely to depend on vari-
ous aspects. They are likely related to biases in the nudged
simulation (or equivalently, the AMIP simulations with
specified SSTs) and how these biases influence a free run
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via air-sea interactions at the beginning of integration. For
example, a large precipitation biases over an ocean basin
will result in a reduced surface shortwave insolation. In a
free run, a reduced surface shortwave insolation will result
in a cooler mixed layer ocean temperature, and if the initial
influence was to persist, will eventually result in cooler SST
climatology and a reduction in precipitation. This scenario
was likely responsible for differences in SST and precipi-
tation in the Free and Nudged simulation over the Indian
Ocean. In contrast, if the surface wind stress biases in the
Nudged run were to dominate initially, a pathway to biases
in the Free simulation would differ. Investigating these
aspects in two simulations discussed here will be of inter-
est, particularly in the context of the onset of model biases,
and will be focus of a future analysis.

In addition to problems identified in this study, a previ-
ous study (Luo et al. 2011) also found another drawback
in the SST-nudged simulation, that is, a spurious long-term
trend in its generated ocean subsurface temperature. In
particular, in their model a strong spurious cooling drift of
the ocean subsurface temperature was identified (Luo et al.
2011), and they attributed it to large negative surface heat
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flux damping when the model SSTs are strongly restored
toward the observed values. They further suggested that the
drawback could affect climate prediction skill.
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