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Coupled ocean—atmosphere modeling and predictions
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ABSTRACT

Key aspects of the current state of the ability of global and regional climate models to represent
dynamical processes and precipitation variations are summarized. Interannual, decadal, and global-
warming timescales, wherein the influence of the oceans is relevant and the potential for predictability
is highest, are emphasized. Oceanic influences on climate occur throughout the ocean and extend over
land to affect many types of climate variations, including monsoons, the El Nifio Southern Oscillation,
decadal oscillations, and the response to greenhouse gas emissions. The fundamental ideas of coupling
between the ocean-atmosphere-land system are explained for these modes in both global and regional
contexts. Global coupled climate models are needed to represent and understand the complicated
processes involved and allow us to make predictions over land and sea. Regional coupled climate
models are needed to enhance our interpretation of the fine-scale response. The mechanisms by which
large-scale, low-frequency variations can influence shorter timescale variations and drive regional-
scale effects are also discussed. In this light of these processes, the prospects for practical climate
predictability are also presented.

Keywords: climate modeling, regional climate downscaling, climate predictability, El Nifio South-
ern Oscillation, ENSO, global warming, monsoons, decadal climate variability, ocean-atmosphere-
land interactions

1. Introduction

The ocean exerts a strong influence on the atmospheric circulation and precipitation,
both due to the oceanic mean state and its anomalies. These influences occur throughout
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the ocean, extend o erland, and a ect man timescaleso ariabilit , including monsoons,
the 1 i o Southern scillation S, decadal modes, and the response to greenhouse
gas emissions. lobal coupled climate models are needed to represent and understand
the complicated processes in ol ed and allo us to ma e predictions o er land and sea.
Regional coupled climate models are needed to enhance our interpretation o the ne scale
response.

This paper ocuses on the undamental coupling ithin the ocean atmosphere land s s
tem, particularl asita ects precipitation, in both global and regional contexts. e ocus
here on interannual to decadal ariations o the large scale s stem. e also discuss ho
those large scale, lo re uenc ariations can influence shorter timescale ariations and
ho thes stem can be do nscaled to understand local impacts.

ur goal is to summari e e aspects o the current state o global and regional climate
models, ocusing on their abilit to represent d namical and precipitation processes on
interannual, decadal, and global arming timescales, or hich the influence o the oceans
is rele ant and the potential or predictabilit is emphasi ed.

. Global climate models

Aprimar goalo global climate modeling and prediction is to properl representthe ide

range o processes thatoccur in the air sea ice lands stem almer . Current climate
model capabilities include ull coupled atmosphere, ocean, a e, seaice, and land sur ace
models itht picall about m resolution e.g., Ta lor et al. . The are readil

capable o simulating man aspects o obser ed climate ariabilit , as ill be highlighted
in subse uent sections. These models are also o ten extended to include biogeochemical
¢ cles and ecos stem models, but this ill not be the ocus o this discussion.

The accurac o numerical simulations relies on the abilit o atmospheric and oceanic
models to capture the essential ph sics o the phenomenain ol ed. odelsused or climate
studies and seasonal orecasting attempt to represent all the important ph sical processes
that a ect ocean atmosphere land interactions. odeling the resh ater e aporation
precipitation eedbac loop, transport 0 moisture in the atmosphere, and regional rain all
is amaor ocus or global coupled models CC . Cloud ormation and condensa
tion processes, ho e er, are highl nonlinear and sensiti e to model ormulation. odel
rain all o er land must all ithin the proper drainage basin, and once ri er runo reaches
the shore, stirring b tidal, mesoscale, and submesoscale currents must generate salinit

ronts here stirring and flo  instabilities can ta e place and produce mixing into the ater
column. This do n ard mixing o ten ta es place during nighttime cooling, hich thereb
re uiresresol ing the diurnal ¢ cle thisis commonl missing in the climate models. Rain
all o er the sea results in lo salinit  ater lenses that can a ect the ertical stabilit o
the ocean boundar la er. ndercalm, clears conditions, sea sur ace temperature SST
ill rapidl increase, hich in turn can lead to con ecti e clouds and more precipitation,
i.e., apositi e eedbac .



A ma or challenge to properl resol e the air sea ice land coupling in climate models

is the coupling rame or . There are se eral standard couplers a ailable to the communit ,
or example the AS S S ,the odel Coupling Tool it CT S ,
and the arth S stem odeling rame or S S Co . But man models
are also based on a coupler de elopedb theiro n coupling algorithms in order to impro e
thee cienc and per ormance e.g., lexible odeling S stem . Coupling is done
either concurrentl or se uentiall , ith the coupling re uenc ranging rom hourl to
dail , although some models couple at e er model time step or operational purposes.
Couplersdi erinho the calculate the sur ace fluxes some use the sur ace fluxes obtained
directl rom the nonlocal sur ace ph sics scheme o the atmosphere, hile others use the
simple bul ormula in the coupler, gi en the lo er meteorological ariables pro ided b
the atmosphere and the ocean sur ace properties.

Climate model biases are ell no n to occur in global climate models C s and
ma or international research e orts continuall attempt toremed them. The biases degrade
climate simulations o natural and orced ariabilit and deteriorate climate orecasts o

uture conditions Turner et al. b entetal. a etal ational Research
Council . particular concern are the biases that de elop in the tropical aci ¢ cean
because o it being the source o S ariabilit , hich extends its influence through
teleconnections around the globe e iandCa alcanti Turneretal. a eseretal.
ienert et al. iang et al. ang et al. . ull coupled models tend

to ha e acold bias in the cold tongue region hen simulating the eastern e uatorial aci c,
hich ma be partiall caused b the poor representation o Tropical nstabilit a es

T acti it e 1 e 1and Richards e ietal . Also, the ma orit
o coupled models sho the occurrence o an o erl strong ntertropical Con ergence
one TC in the southeastern aci cregion echoso et al. Bellucci et al.

Though the appearance o a Southern emispheric TC is obser ed during arch April
in the tropical aci c, its o erestimation represents a ell no n bias a ecting state o
the art climate models, hich is generall re erred to as double TC echoso et al.

The tropical aci c¢ biases also impact the propagation o  adden ulian scillation
disturbances as the transit the aci ¢ and a ect distant regions such as estern
orth America ones endon et al. Sardeshmu h and Sura Tang and
u arshall et al. oon et al. . ue to mean state teleconnections, the
presence o tropical aci c biases also a ects the mean climate state in remote locations,
such as the tropical Atlantic and ndian ceans, and o er continental areas o the Americas,
Asia, and Australia.
uche orthasbeendirectedto ardsdiminishing these biases and considerable progress
has indeed been made in identi ing the multitude o actors that can influence the tropi
cal aci ¢ ent . an o the actors are local, such as coupled ocean atmosphere
eedbac s oodetal. or biological couplings inetal. , and some are remote,
such as clouds ang and rierson and ocean heat transport  rierson et al.
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(Shchepetkin and McWilliams 2005, 200 ; aidvogel et al. 200 ) and the atmosphere is
the Regional Spectral Model (RSM) ( uang et al. 1 7). This model has been employed
in several studies of ocean—atmosphere interaction in various regions with intense thermal
ocean fronts such as in the wuroshio Extension, where mesoscale eddies were shown to
affect the winter precipitation (Putrasahan et al. 2013a) and synoptic extreme rainfall events
associated with the African Easterly Waves in the Atlantic ocean (Seo etal. 200 a). Recently
SCOAR?2, using the Weather Research and orecasting (WR ) model (Skamarock et al.
200 ) instead of RSM, was developed by Seo et al. (2014).

Another example is the Coupled Ocean—Atmosphere—Wave—Sediment Transport
(COAWST) system modeling as described in Warner and Sherwood et al. (200 ). This
modular system allowed advances in the representation of coastal dynamics due to the
coupling of oceanic and atmospheric circulation models and waves and sediment trans-
port models ( esser et al. 2004; Warner and Perlin et al. 200 ). The atmospheric model
is WR | the ocean model is the ROMS, the wave model is Simulating Waves Nearshore
(SWAN) (Booij et al. 1 ) and the model of sediment transport is the Community Sed-
iment Transport Modeling Project (CSTM) (Warner and Sherwood et al. 200 ). Some of
the ocean—atmosphere applications were made to investigate and forecast the interactions
between tropical cyclones and the ocean (Bender and Ginis 2000; Bender et al. 2007; Chen
et al. 2007).

The US Navy has developed the Coupled Ocean/Atmosphere Mesoscale Prediction Sys-
tem (COAMPS), which includes air—sea—wave coupling and is used on regional scales for
short-term operational forecasts as well as for detailed reanalysis simulations over several
seasons in support of observational experiments (e.g., ensen et al. 2016). In coupled sim-
ulations surface fluxes are more consistent with observations (e.g., ensen et al. 2011) and
contain less bias than for uncoupled systems (e.g., Small et al. 2011; Allard et al. 2014).

igh vertical resolution is needed when coupled to an atmospheric model to capture fresh-
water lenses from precipitation and the diurnal cycle during calm conditions. To model the
diurnal cycle of SST during the inactive phase of the M O, a 0.5 m resolution in the upper
10 m was used (Chen et al. 2015; ensen et al. 2015), and fluxes between the models were
exchanged every 6 min using an ESM  coupler. An additional challenge is the formation of
high density (cold and saline) water under growing sea ice on the shelf areas in the Arctic.
The brine is quickly mixed in the vertical, but is later advected down over the continental
margin and contributes to deep water and bottom water formation. The COAMPS ocean
component includes processes rarely found in climate models for instance, diurnal and
semidiurnal tides, ocean color prediction, and wetting and drying, which are important on
local and regional scales.

4. Key climate rocesses

Both global and regional climate models must properly represent many climate processes
when attempting to simulate and predict the observed variability of climate. In the context



0 precipitation, land sur ace coupling and oceanic rontal couplingaret o e processes
that ha e recentl been the ocus o se eral interesting studies.

L

and represents aboundar orabout % o the atmosphere, exchanging ith it momen
tum, energ radiation and heat , mass  ater e aporation and precipitation , and chemical
compounds e.g., carbon dioxide and nitrogen . The land sur ace processes that underlie
the characteristics o the sur ace runo and conse uentri er discharge, on the other hand,
determine the interaction bet een land and ocean and sea ice .
and sur ace states pro ideinteracti eboundar conditions to the atmospheric circulation
ith ahigh degree o ariabilit , both spatial and temporal. or example, the sur ace albedo,
i.e., the raction o reflected solar radiation, aries mar edl in space, depending on the
t pe o sur ace co er e.g., topograph , soil t pe, egetation t pe, sno co er . Also the
moisture fluxes bet een atmosphere and land sur ace exhibit high ariabilit a dr soil
does not pro ide an moisture source to the atmosphere and, due to its er limited heat
capacit , its local thermal response to absorbed solar radiation is considerabl high. But
a et soil can exchange moisture e en more rapidl than an ocean sur ace because o a
greater sur ace roughness , pro idingtothelo erla erso the atmosphere ater apor and
energ inthe orm o latent heat.
These important processes and interactions must be ta en into account hen modeling
the climate s stem, and, in act, state o the art climate models include sur ace components
Sellers et al. itman anden ur etal. . nparticular, saidin er simple
terms, these modules ha ethetas o representingthee olutiono the land sur ace state and
account oritsinteractions ith the other componentso theclimates stem. mportantl , the
sur ace energ and ater balances are coupled through the e apotranspiration term, hich
thus emerges as one o the critical parameters o the land sur ace component, itha e role
both in the energ and aterc cles. urthermore, the largest amount o e apotranspiration
rom land to atmosphere occurs through egetation, hich there ore interlin s the ater
and biogeochemical ¢ cles e.g., carbon and nitrogen ¢ cles .
Though a number o processes might contribute to control and influence e apotranspira
tion, soil moisture, i.e., the amounto  ater storedindi erentla ers o the unsaturated soil,

has a undamental unction. Bud o , pro ided ause ul conceptual rame or ,
urther de eloped b therecent or so osteretal. , Sene iratne et al. , and
Teuling et al. see also Sene iratne et al. and re erences therein, or a more

complete discussion , here t o main e apotranspiration regimes can be de ned accord
ing to soil moisture a ailabilit an energ limited regime, here soil moisture exceeds a
critical threshold and e apotranspiration is not dependent on its amount and a soil moisture
limited regime, here soil moisture is belo the critical alue and its amount pro ides a

rst order constraint to e apotranspiration. hen soil moisture, then, drops belo a thresh
old called w , the amount o ater in the soil is too lo and e apotranspiration
stops completel . Se eral recent studies e.g., oster et al. Sene iratne et al.
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Teuling et al. 2006) have shown that this simple conceptual approach provides a represen-
tative portrait of the coupling between land and atmosphere and a useful framework for its
modeling.

Land surface models (LSMs) describe, among other things, the dependency of evap-
otranspiration on soil moisture, which acts as a water reservoir for the land surface to
provide the overlying atmosphere with water vapor. The evapotranspirated water vapor
contributes to alter the atmospheric stability, triggering convection and cloud formation,
returning eventually to land in form of rainfall. The soil-moisture—precipitation coupling
has been extensively investigated in the past decades, with many studies emphasizing the
capability of soil moisture to alter the atmospheric boundary layer properties and possibly
lead to favorable conditions for precipitation (Betts and Ball 1995; Eltahir 1998; Schir et al.
1999; Seneviratne et al. 2010; Tseng et al. 2016).

Because itregulates the relative distribution of the surface heat flux into latent and sensible
heat, soil moisture is one of the drivers of the land—air interface thermal response. This soil-
moisture—air-temperature coupling has recently received considerable attention, especially
for its possible implication in the occurrence of heat waves (e.g., Fischer and Schar 2009;
Miralles et al. 2012).

Though the many diverse links and possible mutual influences between climate and vege-
tation have been known (or hypothesized) for a long time (e.g., Brovkin 2002 and references
therein), only a relatively small number of studies have explored the possible effects of veg-
etation on climate variability and predictability (Sellers et al. 1996). Particularly, all climate
models in the third and fifth phases of the Coupled Model Intercomparison Project (CMIP3
and CMIP5, respectively) using multimodel ensembles (MMESs) of forced greenhouse gases
have failed to simulate the patterns or amplitudes of twentieth- and twenty-first-century
African drying and rainfall variability (e.g., Xue et al. 2010; Roehrig et al. 2013). These
models even yield inconsistent precipitation regarding the signs of future anomalies in the
Sahel (IPCC 2007, 2013). After the seminal work of Zeng et al. (1999), which investi-
gated the role of vegetation in the Sahel drought during the 1980s, few studies have been
conducted to assess the effects of vegetation distribution (leaf area index, LAI) on poten-
tial predictability and prediction skill of GCMs at decadal timescales (Weiss et al. 2012,
2014). The ensemble spread in the trend amplitude remains large in the Sahel (Roehrig
et al. 2013). Several modeling studies have suggested that positive feedback resulting from
land—surface interactions and the atmosphere can amplify the climate response to forcings
such as SSTs or solar variations (Doherty et al. 2000; Tseng et al. 2016). Current projections
of climate change in the Sahel are inconclusive, mainly as a result of the large uncertainty
of land—atmosphere coupling and the atmospheric response to the ocean (e.g., Cook and
Vizy 2006; Douville et al. 2006; IPCC 2013; Tseng et al. 2016). The uncertainty is likely
due to the enhanced local wave instability triggered by the largely diverged boundary-
layer temperature gradients and amplified by land—atmosphere interactions (Tseng et al.
2016).



b. F [l —s

hile much o the mid to high latitude open oceanist picall dri enb the atmosphere
e.g.,Ca an 99 ,oceanic regions dominated b mesoscale eddies and sharp ronts, such
as estern boundar currents and the Southern cean, tend to dri e o erl ing atmospheric
processes e.g., e ietal. inobe et al. 8 Seo et al. 8b Small et al. 8
> eilletal. aetal. . The SST anomalies associated ith mesoscale eddies or
rontscanmodi atmospheric stabilit ,sur ace indflo patterns, and precipitation. ndeed
man studies ha e sho n ocean atmosphere coupling o er ocean ronts and mesoscale
eddies e.g., Xie e ietal. Small et al. 8 Chelton and Xie ho e er,
the spatial scale dependence o ocean atmosphere coupling is not as clear in mid latitude
oceanic ronts, here a strong SST ront and mesoscale eddies coexist.

Regional and e en some global coupled models ha e been recentl used to stud the

d namics o this mesoscale/ rontal coupled ocean atmosphere process. Seoand illeretal.
examined the d namics o the atmospheric response to SST ariabilit associated
iththe T  sandthe mesoscale eddieso Cali ornia. Seo and Jochum et al. and Seo
etal 8b subse uentl wuanti edthe eedbac e ecto the atmospheric responses to the
energetics o the mesoscale eddies in the tropical Atlantic and ndian ceans, respecti el .
Small et al. 9, using the ni ersit o Ha aii regional ocean atmosphere coupled
s stem R A |, demonstrated a signi cant dampinge ecto T  energetics ia T
induced sur ace current a ecting the sur ace stress.

A ne approach that separates the spatial scale 0 ocean atmosphere coupling has been
de eloped b comparinga ull coupled ocean atmosphere model to the same model ith
anonline D spatial smoother that remo es mesoscale SST elds seen b the atmosphere

utrasahan et al. a,b Seoetal. Seo, . The implementation o an interacti e

D smoother allo s large scale SST coupling to be retained hile remo ing the mesoscale
edd impacton the atmospheric boundar la er ABL . utrasahanetal. b per ormed
ascale dependence experimento er the Kuroshio xtensionregion anditre ealedthat in
tertime ocean atmosphere coupling, represented b the coupling coe cient bet een ind
stress di ergence and do n ind SST gradients, is signi cant in both the ull coupled and
interacti el smoothed coupled cases. n act, the smoothed coupled case exhibits stronger
coupling than the ull coupled case, indicating the presence o alarge scale Kuroshio SST

ront that maintains large scale SST anomalies, hich in turn influence the ABL. And et,
the largest ind stress di ergence anomalies are seen in the ull coupled case, hich sug
gests that mesoscale SST anomalies also ha e a strong imprint on the ABL. The atmospheric
response to the oceanic mesoscale SST as studied b comparing the ull coupled run to
an uncoupled atmospheric model orced ith smoothed SST prescribed rom the coupled
run. recipitation anomalies ere oundtobe orcedb sur ace indcon ergence patterns
that are dri en b mesoscale SST gradients, indicating the importance o the ocean orc
ing the atmosphere at this scale. Such deep atmospheric response is expected to modi  the
do nstreamde elopmento eathers stemsinthe orth aci c,thuspotentiall a ecting
the remote circulation e.g., Seo et al. aetal.
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5. Patterns and timescales of climate variability

We next highlight several of the most important regional modes of variability that are
linked to precipitation impacts through coupled ocean—atmosphere processes.

a. El Niiio Southern Oscillation

The El Nifio Southern Oscillation (ENSO) is the largest natural mode of climate variability
in the global climate system with wide-ranging teleconnections around the Pacific basin
(e.g., Philander 1990). It is generated by coupling between the ocean and the atmosphere in
the tropical Pacific that causes small amplitude perturbations to either SST or wind stress
to grow in tandem to produce the familiar pattern of mature SST anomalies (Fig. 2a). These
SST anomalies are then damped by atmospheric surface fluxes and relaxed back to the
climatological ocean state. Theories for ENSO generation are numerous and are reviewed
by Wang et al. (2017).

Successive generations of coupled models have produced simulations of ENSO that have
gotten better over time. Yet errors and biases that are common to all models exist in both
the mean climate and the variability of the tropical Pacific (Bellenger et al. 2014). The
equatorial cold tongue is usually too cold and extends too far into the west. Models suffer
from the so-called “double ITCZ” problem (Lin 2007) whereby the SPCZ is too zonally
oriented. Warm-pool convection is impacted by these biases and is, in general, fragmented
and not as organized as convection in the real world. There is a wide diversity of ENSO
characteristics in models with differences in amplitude and frequency in comparison with
observations. A perennial problem appears in the simulation of skewness. In the real world,
El Nifio events are generally larger than La Nifia events in terms of their SST anomalies.
Models tend to simulate a symmetric distribution of anomalies.

One of the big debates in the literature in recent times has been about the existence of
different types of ENSO events. The SST anomaly pattern shown in Figure 2a is generally
considered to be a “canonical” or “east Pacific” or “cold tongue” event in which the SST
anomaly maximum is towards the coast of South America. Some events, however, do not
penetrate that far and have been termed “Modoki,” “west Pacific,” or “warm pool” events
(Ashoketal. 2007), as shown in Figure 2d. During canonical events, the thermocline depends
significantly in the east and the thermocline feedback is dominant. During Modoki events,
the thermocline is less active and processes such as the zonal advection of SST anomalies
from the west play a more important role. It is also suggested that Modoki events have
become more prevalent after 2000 because of the change of the mean ocean background
states and the reduced variability of the coupling system in the tropics (Lee and McPhaden
2010; McPhaden et al. 2011; Hu et al. 2013). However, it has been argued that these are
not really distinct modes but more part of a spectrum of behavior (Takahashi et al. 2011;
Capotondi et al. 2015). Every ENSO event is different and is generated by a subtly different
combination of amplifying and damping processes. Long model historical simulations and
future projections show that significant variations in ENSO characteristics are possible on
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Figure 4. The leading Combined Empirical Orthogonal Function mode CEOF1 of a, c sea level
pressure S P anomalies mbars and b, d sea surface temperature SST anomalies °C three-
month running mean in the North Pacific a, b: observation; ¢, d: the NCAR Community Earth
System Model simulation .
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Figure . The second Combined Empirical Orthogonal Function mode CEOF2 of a, ¢ sea level
pressure S P anomalies mbars and b, d sea surface temperature SST anomalies °C three-
month running mean in the North Pacific a, b: observation; c, d: the NCAR Community Earth
System Model simulation .
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Labrador Seas, which returns southward in the deep Atlantic (approximately 1500-4500
m). The other weaker component in the AMOC is the Antarctic Bottom Waters flowing
northward below 4500 m and rising into the lower part of the southward-flowing NADW. A
substantial amount of heat is transported from the tropics and southern hemisphere toward
the North Atlantic in the ocean, where the heat is released to the atmosphere at high latitudes.
Since the AMOC carries a significant amount of heat, resulting in the change of Atlantic
sea surface temperature, it has a profound impact on the global climate system, as indicated
by observations and models (e.g., Clark et al. 2002; McManus et al. 2004; Sutton and
Hodson 2005; Hurrell et al. 2006; Lynch-Stieglitz et al. 2007, 2011). Any slowdown in
the overturning circulation would have potential implications for a “collapse” or an abrupt
change of climate (Rind et al. 2001; Hall et al. 2006; Stouffer et al. 2006; Thornalley et al.
2010; Hawkins et al. 2011).

It has been well recognized that AMOC variability is closely linked with the change of
subpolar gyre (SPG, defined here as 60 W—10 W, 50 N-66 N), particularly the decadal
variability of the North Atlantic SST (e.g., Hikkinen and Rhines 2004; Boning et al. 20006;
Bersch et al. 2007; Rhein et al. 2011). The SPG is known as the deep water formation region
(resulting mainly from the deep convection in the Labrador Sea) of the intermediate water
mass due to intense air—sea interaction, especially during severe winters (Dickson et al.
1996; Lab Sea Group 1998).

However, how the AMOC is connected with the atmospheric circulation is still not clear.
Previous studies have suggested that the North Atlantic Oscillation (NAO) variability signif-
icantly contributes to the oceanic variability in the North Atlantic SST pattern and circulation
(Eden and Willebrand 2001; Visbeck et al. 2003; Deshayes and Frankignoul 2008). The
influence of NAO on the Atlantic Multidecadal Oscillation (AMO) has been discussed exten-
sively in numerical model studies (e.g., Delworth et al. 1993; Visbeck et al. 1998; Delworth
and Greatbatch 2000; Eden and Jung 2001; Eden and Greatbatch 2003; Danabasoglu et al.
2012). Substantial modeling evidence has confirmed that the NAO-related surface turbulent
heat flux anomalies over the North Atlantic, particularly over the SPG, influence the mul-
tidecadal variation of the AMOC, which in turn produces the SST signatures of the AMO
and the interannual and longer timescale sea-surface height (SSH) variability in the North
Atlantic (Esselborn and Eden 2001; Hikkinen 2001; Volkov and van Aken 2003; Yeager
and Danabasoglu 2014). Thus, the AMO may be a delayed response to low-frequency NAO
variability at time lag of decadal timescales (Visbeck et al. 1998; Delworth and Greatbatch
2000; Eden and Jung 2001; Lohmann et al. 2009) in the response of the AMOC change (as
indicated by the Atlantic dipole) through the changes in Labrador Sea convection (Wood
et al. 1999; Hillaire-Marcel et al. 2001; Latif et al. 2006).

Similarly, using numerical models, the low frequency SSH variability along the Gulf
Stream and in the SPG is related to the meridional overturning (Hiakkinen 2001). Zhang
(2008) further suggested that the pattern of SSHa could be used as a “fingerprint” of
the AMOC variations in the mid-to-high latitudes using a 1000-year model simulation.
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when the daily area of the AWP exceeds the climatological annual mean area of the AWP.
Similarly, the demise of the AWP season is defined as the first day after the onset of the AWP
season when the daily area of the AWP falls below the climatological annual mean area
of the AWP. Based on these definitions, Misra et al. (2014) indicate that the climatological
onset date of AWP is June 21 and the climatological demise date is November 5. A rich
literature of observational studies indicate that the AWP undergoes frequency modulation
on several timescales that produces atmospheric teleconnections including at intraseasonal
(30-50 days; Maloney and Hartmann 2000; Higgins and Shi 2001), seasonal (Wang and
Enfield 2003), interannual (Wang and Enfield 2001; C. Wang et al. 2006; Misra et al. 2009),
and decadal (Wang et al. 2008) timescales.

The variability of the AWP has been associated with corresponding warm season vari-
ations of North American precipitation cycles (C. Wang et al. 2006, 2008; Misra et al.
2011, 2014; Misra and DiNapoli 2013). A primary aspect of this influence stems from the
modulation of the low-level atmospheric flow (Fig. 8a), which includes the modulation of
the North American subtropical high, more prominently referred as the Bermuda high. In
years of large (small) AWP, the Bermuda high becomes weaker (stronger) and extends to the
east (west), which leads to anomalous low-level northerly (southerly) flow over the central
Plains and Mississippi and Ohio River valleys. This anomalous flow suggests the weakening
(strengthening) of the North American low-level jet along the eastern slopes of the Rocky
Mountains, which disfavors (favors) moisture transport into the central United States that
results in dry (wet) ASO seasonal rainfall anomaly (Fig. 8b). On the other hand, the low
level easterly flow in the Caribbean Sea and the eastern Pacific is also modulated by the
AWP variations, which effectively influences the moisture flux convergence over Central
America in such a way to increase (decrease) the ASO seasonal mean rainfall during large
(small) AWP years. The interannual variation of the AWP and its teleconnection with the
low level flow (Fig. 8a) and the associated rainfall anomaly (Fig. 8b) over North America
is found to be independent of the El Nifio and the Southern Oscillation (ENSO) variation
(Wang and Enfield 2003; Misra et al. 2013).

AWP variations also have an impact on the Atlantic hurricane season, with large (small)
AWP years producing the likelihood of more (less) Atlantic tropical cyclones (Wang et al.
2006). For example, in 18 years of large (18 years of small) AWP between 1950 and 2003,
there were 11 (3) active Atlantic hurricane seasons with a total of 82 (23) tropical storms.
This influence of the AWP is largely from its modulation of the vertical wind shear in the
tropical Atlantic (Wang et al. 2006). The AWP variations not only modulate the low-level
flow but also the upper level atmospheric circulation as the anomalous diabatic heat release
in the IAS elicits a “Gill” type response (C. Wang et al. 2008; Lee et al. 2009), which affects
the large-scale wind shear in the tropical Atlantic Ocean.

Surface heat budget studies in the IAS reveal that cloud-radiative fluxes, especially those
which relate to longwave cloud radiative feedback, are some of the most important terms to
regulate the SST in the AWP region (Wang and Enfield 2001; Misra et al. 2013). Although
the contribution to the SST variability in the IAS region during the AWP season from
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The global models of the CMIP class (both the CMIP3 and CMIPS5 suites) display a very
cold bias, thereby underestimating the AWP by a very large margin (Misra et al. 2009;
Kozar and Misra 2012; Liu et al. 2012, 2013). Liu et al. (2012) find that when observed SST
forces an atmospheric GCM then excessive precipitation is generated over the AWP region
during the summer, contrary to observations. They further find that when the atmosphere
and ocean models are fully coupled, there is a dry and cold SST bias in the AWP region.
The cause of these model biases in the AWP region is a challenging problem, although it
has been suggested that the largest impact on the rainfall bias over North America in the
boreal summer and fall seasons may come from the negative SST biases, since the same
CMIP3 models that have the least SST bias in the IAS region also have the most realistic
rainfall (Liu et al. 2012).

. Mediterranean asin

The Mediterranean region has been identified as one of the most responsive to climate
change (Giorgi 2006; Diffenbaugh and Giorgi 2012), and being also densely populated
(more than 500 million people live here, distributed over approximately 30 countries in
Africa, Asia and Europe), it represents one of the most interesting case studies from the sci-
entific point of view and is important from a social perspective (Navarra and Tubiana 2013).

ia atmospheric teleconnections, the variability at intraseasonal and interannual times-
cales in the area is strongly influenced by the major large-scale circulation patterns of the
Northern Hemisphere, such as the North Atlantic Oscillation, the East Atlantic pattern and
the Scandinavian pattern (see Ulbrich et al. 2012 and references therein for an extensive
review). Tropical variability, especially ENSO (Mariotti et al. 2002; Alpert et al. 2006), the
South Asian monsoon (Rodwell and Hoskins 1996; Ziv et al. 2004) and the West African
monsoon (Alpert et al. 2006) also appears to exert some influence on the Mediterranean
region.

The atmospheric circulation patterns associated with large-scale modes of variability
(e.g., NAO, AMO, or ENSO) are modulated by the small-scale processes induced by the
local complex physiography of the region (e.g., orography and land-sea contrast). The small-
scale events resulting from this interaction have important effects in forcing the Mediter-
ranean Sea circulation, which, in turn, can feedback on the atmosphere providing moisture
and heat, as, for example, seems to happen in the case of the Mediterranean cyclones.

Decadal and multidecadal variations in regional precipitation, surface air temperature,
and Mediterranean SSTs have been documented and investigated in numerous studies (e.g.,
Hurrell et al. 2003, Xoplaki et al. 2004; Mariotti and Dell Aquila 2012). Specifically focus-
ing on the major drivers of decadal and multidecadal Mediterranean climate variations in
northern winter (DJF) and summer (JJA) seasons, these studies have shown that precipitation
variations over large portion of the region are significantly affected by the low-frequency
variability of the North Atlantic Oscillation via modifications in sea level pressure and
associated circulation anomalies.
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that the prediction of anomalous climate states of climate modes of natural variabilit
have temporal limits due to inherent nonlinearities in the climate system. These limits
of predictability are currently an active line of study for many research groups around the
world. The forced signal due to increasing greenhouse gases, in contrast, rises further above
the climate noise the further into the future the predictions are made because of the increase
in signal-to-noise ratio. It provides a measure of changes in the mean state and variance
levels of the climate system and forms the basis of IPCC projections. In the near term,
the prediction problem is a mixed initial condition/boundary condition problem with, in
general, the signal coming from the initial state in the first few years—decades and the signal
coming from the forcing climate change response growing in time. Studies have attempted
to partition the uncertainty in predictions along these lines. There is a natural definition of
near-term as being when the forced response does not depend on the scenario.

The sensitivity of model forecasts of climate variables, such as precipitation, to model ini-
tial conditions and different parameterization lead to uncertainty in single model forecasts,
making the use of ensemble forecasts necessary to reduce forecast errors and to provide
an estimate of the errors. For ensembles of fully coupled models the required computing
resources are onerous and generally only able to be carried out by national centers of climate
prediction. Currently, typical climate model forecasts are initialized from separately ana-
lyzed atmospheric and oceanic states, constrained by observations. Data assimilation in the
coupled system is an ongoing major research goal in our field and will involve covariance
calculation of variables between the submodels, e.g., correlations between atmospheric and
ocean observations.

The possibility to perform climate predictions, i.e., to forecast the state of the climate
system in the future on the basis of our knowledge of its state at the present, is based on
processes that, in their evolution, bring memory of the initial state. The slowly evolving
ocean its large thermal inertia and its dynamics, for example introduce memory in the
system on a broad range of timescales, ranging from subseasonal to decadal and further. This
memory is at the basis of the predictability of several processes and of our skill to predict
them; for example, as in the case of the ENSO fluctuations on interannual timescales and,
to a lesser extent, for the interannual and decadal fluctuations of the North Atlantic and
North Pacific SST (e.g., Schneider and Miller 2001; Boer 2011; Doblas-Reyes et al. 2013).
Temporary heat storage by the ocean may also be important in causing decadal variations
in global mean temperature such as the recent hiatus in global warming.

Efforts for understanding regional climate processes using RCCMs are leading to devel-
oping and examining regional climate change scenarios using projection and uncertainty
information from GCMs, in which key oceanic and coastal processes are poorly captured.
GCM predictions are typically generated on a grid in which numerous observed data points
are available, thereby providing multiple ways to validate forecasts. In contrast, regional
coupled climate models have far more grid points than available data; because of the lack
of a sufficient quantity of point measurements in nature compared to the density of model
gridpoints, it is often difficult to evaluate the downscaled fields of regional models and to
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The potential for using the PDO to predict climate variations over land is less clear,
despite the associations illustrated in Figure 2d, e, f. Numerical experiments suggest that
specifying PDO SST patterns as lower boundary conditions to an atmospheric model has
little subsequent effect downstream (Pierce 2002; Kumar et al. 2013). Several studies have
found associations between the PDO and climate response over land, such as the PDO
modulating the effects of ENSO both over North America (Gershunov and Barnett 1998)
and in east Asia (e.g., L. Wang et al. 2008). However, the degree to which these effects arise
from more than simple persistence of the PDO, or the ocean merely passively recording
atmospheric states that are the ultimate cause of the land effects, is not clear; more research
on this topic is needed (Newman et al. 2016). The exception might be in coastal regions
immediately adjacent to the North Pacific, where land temperatures are directly influenced
by ocean temperatures. For instance, Alfaro et al. (2004) show that up to a third of the
variance in coastal California summer air temperatures can be predicted one season ahead
using the PDO.

Future changes in the PDO due to anthropogenic forcing of the climate have not been
extensively studied. Furtado et al. (2011), examining the older generation of climate models,
show no clear future model consensus on PDO changes. However, the models generally did
not capture current relationships between PDO and ENSO in the first place, which casts
doubt on their ability to predict future changes. Di Lorenzo et al. (2010), by contrast, focus
on the North Pacific Gyre Oscillation (NPGO) rather than the PDO, and conclude that the
NPGO is relatively more sensitive to ENSO variability in the central tropical Pacific than
is the PDO. Since it is thought that central Pacific ENSO events may increase in the future
(Yeh et al. 2009), changes in the NPGO may be relatively more important to future climate
than changes in the PDO. Considerably more work remains to be done to understand this
issue.

Year-to-year ENSO variability is controlled by a delicate balance of amplifying and
damping feedbacks and the physical processes that are responsible for determining the
characteristics of ENSO will be modified by climate change (Collins et al. 2010). Recent
studies have suggested an increase in the frequency of extreme ENSO events under climate
change (Cai et al. 2014, 2015) as shown in Figure 9. This increasing frequency is linked to
an enhanced and nonlinear precipitation response (Power et al. 2013; Chung et al. 2014), but
this precipitation response is not seen in simulations in which uniform SSTs are imposed.
Models show an increase in the central and east Pacific, anchored to a pattern of equatorially
enhanced SST changes (Xie et al. 2010). The pattern of mean SST change is of leading-
order importance in determining changes in variability. The whole storyline of increasing
extreme ENSO events is thrown into doubt when one considers that long-standing biases
in models might influence the mean pattern of SST and precipitation changes in mod-
els. Hence there is still considerable uncertainty over how ENSO might change in the
future.

In the Atlantic sector, early potential predictability studies showed some possibility of
interannual to decadal predictability, in particular in the North Atlantic but with not much
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Figure 9. Changes in extreme El Nifio events due to global warming simulated in climate models
from Cai et al. (2014). Tropical Pacific meridional sea surface temperature (SST) gradient plotted
against rainfall in Nifio3 area (5°S-5°N, 150° -90° ) from (a) historical simulations, 1891-1990
and (b) climate change scenario runs, 1991-2090. Red dots indicate extreme El Nino events, green
dots indicate moderate El Nino events and blue dots indicate non-El Nino conditions.

predictability of land. A recent study has performed perfect ensembles to look at sea-
ice predictability on interannual timescales and found potential signals out to three years.
CMIPS5 provided the first coordinated set of decadal prediction experiments but little has
been found from those studies as (i) many of the systems were experimental and (ii) the
design of the experiments was not perfect. The experiments had insufficient start dates to
assess skill and included volcanic aerosols, which are unpredictable in real-time, in the
forcing files. As one example, Doblas-Reyes et al. (2013) executed retrospective decadal
forecasts with a multimodel ensemble approach using both initialized forecasts (which
capture the natural mode part of the prediction) and random initial states (which capture
only the forced part of the prediction). They found that the primary part of the skill is
dominated by the global warming forcing (Fig. 10a), while the skill due to the natural
modes of variability is small and localized in the North Atlantic (Fig. 10b) with very
low predictability in the Pacific. However, that study only addressed atmospheric surface
variable predictability, while subsurface oceanic predictability associated with Rossby wave
propagation can resultin enhanced SST forecast skill over interannual timescales (Schneider
and Miller 2001; Qiu et al. 2014).

CMIPS5 models show the AMOC to weaken under climate change but no models predict
a collapse. However, there is some indication that models might be too stable as diagnosed
from the cross-equatorial salinity flux. One study with a low-resolution climate model
does exhibit bi-stability. A recent study on Abrupt Climate Change by the U.S. Climate
Change Science Program concluded that it is very likely that the strength of the AMOC
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in general terms, the regional air—sea coupling does not impact strongly the response to
anthropogenic climate change.

In contrast, some RCCMs studies show markedly different climate projections than the
global models, due largely to the poorly simulated oceanic dynamical and coastal processes.
For example, Seo and Xie (2011), using the SCOAR model, carried out the first RCCM study
that regionally downscaled the climate change scenarios based on GFDL climate model. In
the equatorial Atlantic, they suggested that the equatorial currents, upwelling, and TIWs
strongly control the spatial pattern in SST warming via eddy-driven heat transport, not
captured in the GFDL model. This result supports the importance of the ocean dynamical
process in regulating regional SST warming patterns under climate change scenarios. Li
etal. (2014) also downscaled the NCAR CCSM3 projection of future climate over California
to find that near-coast air-temperature warming is significantly reduced in the coupled model
compared to that in the atmosphere-only run. The difference is attributed to the lower SST
associated with coastal upwelling, not captured in the CCSM. This result further suggests
the importance of the ocean dynamical process in regulating regional SST warming patterns
and thus the regional climate change patterns.

8. Conclusions

We reviewed many aspects of the coupled ocean—atmosphere processes relevant to
understanding precipitation impacts, focusing on interannual, decadal, and global-warming
timescales. Current GCMs are now capable of capturing many aspects of these key pro-
cesses and simulate some of the most prominent modes of coupled climate variability. There
is a the need for regional climate model downscaling and several of the new models have
demonstrated impressive abilities in this context. Land-surface processes and frontal-scale
air—sea interactions are important crux points for simulations affecting precipitation. Two
example regions, the Intra-American Seas and the Mediterranean Basin, show how models
and observations can be used together to improve simulations and forecasts. Lastly, we
explained many issues related to the theoretical predictability limits of climate problems,
the practical limits of making actual predictions, and the expectations for skill associated
with global warming projections.
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