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ABSTRACT: Climate model fidelity in representing ENSO-induced teleconnection is assessed with process-oriented di-
agnostics that examine a chain of processes, from equatorial Pacific precipitation to the midlatitude circulation pattern
over the Pacific–North American regions. Such processes are rarely addressed during model development. Using an
upper-tropospheric divergent level, local vorticity gradient of the ambient zonal flow (2U /y2) and a restoring force for
Rossby waves (b*) are estimated, the equivalent barotropic vorticity equation is solved, and an anomalous Rossby wave
source (RWS′) quantified. The analysis is applied to AMIP5 and AMIP6 simulations. For a realistic circulation response
representation, the hypothesis that models accurately represent the strength and location of RWS′, and spatial variations
in b* is tested. Compared to AMIP5, in AMIP6 there are clear improvements in representing RWS′ and b*. To validate
the hypothesis, the analysis identifies two metrics: spatially coherent RWS′ in the subtropical North Pacific, and longitudes
of negative b* over the western-central North Pacific. By projecting these metrics in two and three-dimensional views, im-
provements or degradations in model versions are apparent. If a model’s fidelity in representing 2U /y2 and RWS′ are
compromised, then radiated Rossby waves are reflected more equatorward, resulting in zonally elongated circulation
anomalies over the central North Pacific. Thus, during climate model development, applying this analysis frequently will
keep a regular check on the fidelity of the modeled response to anomalous El Niño convection in conjunction with chang-
ing model ambient flow dependencies. This analysis is intended to form a process-oriented diagnostics package, a commu-
nity contribution to the NOAAModel Diagnostics Task Force.

SIGNIFICANCE STATEMENT: The seasonal changes in tropical Pacific sea surface temperatures associated with
El Niño events can have a significant impact in the atmospheric circulation through the North Pacific and on the annual
climate variations over North America. Our skill in predicting these impacts depends critically on the ability of climate
models to represent these global-scale connections accurately. We show a number of metrics that describe critical pro-
cesses along this North Pacific pathway that can be used to examine the progress in climate model skill. In the future,
these models could benefit significantly from using these metrics with the end goal of much improved predictions of
El Niño–related variability.
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1. Introduction

a. Background

During El Niño–Southern Oscillation (ENSO) winters an
equivalent barotropic stationary wave train pattern dominates
over Pacific and North American region (Horel and Wallace
1981) and this pattern can be interpreted as an external
Rossby wave forced by equatorial Pacific heating (Hoskins
and Karoly 1981; Held and Kang 1987; Trenberth et al.
1998). Rossby wave generation and propagation provides the
basis for many theories of how the tropics influence midlati-
tudes (Hoskins et al. 1977; Held and Kang 1987; Branstator
1983). A process-oriented diagnostic (POD; Maloney et al.
2019; Annamalai 2020) package that addresses the chain of
processes, that is, intermediate between equatorial Pacific
heating and the circulation pattern over the Pacific and North

American regions that are usually not addressed in model
evaluations (Deser et al. 2016), is developed. The POD will
help to address this critical model evaluation gap, by quanti-
fying the roles of anomalous upper-tropospheric divergent
wind patterns in the generation of stationary Rossby waves,
and the zonally and meridionally varying ambient flow prop-
erties that determine the horizontal propagation of these
waves (e.g., Branstator 1985; Ting and Sardeshmukh 1993;
Di Carlo et al. 2022). As part of model evaluation, we apply
the POD to a subset of climate models that participated in
phases 5 and 6 of the Atmospheric General Circulation Model
Intercomparison Project (AMIP). Besides assessing the repre-
sentation of relevant processes in individual models, improve-
ments or degradations in models that participated in both
AMIP5 to AMIP6 versions are identified, and their implications
to ENSO-induced teleconnections are discussed.

During El Niño winters, positive sea surface temperature
(SST) anomalies along the central-eastern equatorial Pacific
(e.g., Rasmusson and Carpenter 1982) favor local enhance-
ment of moist static energy, promoting deep convection andCorresponding author: H. Annamalai, hanna@hawaii.edu
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increasing the release of latent heating throughout the tropo-
sphere (see Wallace et al. 1998 for a review). The resultant
anomalous vertical velocity and upper-level divergence alters
the generation of the horizontal component of atmospheric vor-
ticity (Hoskins et al. 1977; Hoskins and Karoly 1981), giving rise
to anomalous Rossby wave sources (RWS′; Sardeshmukh and
Hoskins 1988). These RWS′ excite normal modes of the zonally
varying ambient flow (Simmons et al. 1983). Kang and Held
(1986) and Sardeshmukh and Hoskins (1988) emphasized that
at upper-tropospheric levels, the contribution by advection of
the climatological meridional gradient in absolute vorticity by
the anomalous divergent winds can also lead to a significant
RWS′ in westerly wind regions, in which Rossby wave motion is
possible. Trenberth et al. (1998) provide a comprehensive re-
view on all aspects of tropical–extratropical interactions. Atmo-
spheric general circulation models (AGCMs) forced with
ENSO-related SST anomalies exhibit various levels of success in
representing this circulation pattern (Shukla and Wallace 1983;
Lau and Nath 1994; Hoerling et al. 1997; Kumar and Hoerling
1997; Hoerling and Kumar 2002; Shukla et al. 2000; Barsugli
and Sardeshmukh 2002; Peng and Kumar 2005; Annamalai et al.
2007; Peng et al. 2014; Deser et al. 2016; Li et al. 2020, among
others).

During boreal winters, a prominent midlatitude circula-
tion over the Pacific–North American region is the so-called
Pacific–North American (PNA) pattern defined by Wallace
and Gutzler (1981). One established interpretation is that
PNA is an internal mode of the midlatitude circulation (Lau
1981) that is amplified by ENSO (Horel and Wallace 1981;
Kumar and Hoerling 1995; Lau and Nath 1994; Hoerling
et al. 1997; Hoerling and Kumar 2002; Peng and Kumar
2005; Li et al. 2020), that is, ENSO can create preferred tele-
connection response patterns, such as the PNA (Trenberth
et al. 1998). An alternative interpretation is based on differ-
ences in the position and structures of the upper-level height
anomalies, particularly during El Niño (e.g., Lopez and
Kirtman 2019). Based on this paradigm, Straus and Shukla
(2002) suggest that ENSO does not force PNA. Intriguingly,
the height anomalies bear close similarity to traditional
PNA during La Niña winters (Fig. 1 in Lopez and Kirtman
2019). In the following subsection, we clarify our approach
with reference to the above interpretations.

b. Present study

Guided by linear and nonlinear model results available in
the literature, we hypothesize that the efficacy of climate
models’ ENSO-induced teleconnection can be assessed by
their fidelity in representing anomalous tropical precipita-
tion and associated upper-level divergence, RWS′, and am-
bient flow characteristics. To test this hypothesis, we have
developed a diagnostics package (section 2). Besides assessing
climatological basic flow properties and seasonal anomalous
conditions during ENSO winters, the barotropic vorticity equa-
tion is solved at mid-to-upper-troposphere levels, and terms
contributing to the total RWS′ are quantified. Here, to circum-
vent coupled models’ simulated SST biases cascading into
anomalous precipitation and RWS′ characteristics, we focus

only on the AMIP-type experiments in which all the participat-
ing models are forced by observed SSTs (Gates et al. 1992).
This limits the attribution of errors solely to limitations in the
representation of atmospheric model processes and their inter-
dependencies. However, the presence of error compensation
can make such direct attribution challenging.

The POD is applied to five reanalysis products to assess in-
herent uncertainties among them, and for the purposes of
model assessment, robustness in their results is sought. The rea-
son being that in data sparse regions such as the deep tropics,
estimates of diabatic processes are not well constrained by in
situ measurements. Then, they depend on the first guess pro-
vided by the forecast models that is sensitive to the physical pa-
rameterizations employed (Annamalai et al. 1999; Zhang et al.
2008).

Figure 1a shows El Niño winter (DJF) composites of geopo-
tential height anomalies at 200 hPa (HGT200) constructed from
ERA5 reanalysis (details are given in section 2). One notes alter-
nating signs in HGT200 that arch from the tropical Pacific pole-
ward to the North Pacific, and then eastward and southward
across North America exhibiting a wave train pattern. One clear
difference from the traditional PNA pattern of Wallace and
Gutzler (1981) is the longitudinal shift of centers (;108) over
North Pacific and North America (boxes 2–4 in Fig. 1a), in
agreement with Lopez and Kirtman (2019). Guided by Fig. 1a
and following the Wallace and Gutzler (1981) approach, a
circulation index termed El Niño–induced circulation index
(ENCI) over the Pacific–North America is calculated using stan-
dardized HGT200 as 0.25 3 (HGT200REG1 2 HGT200REG2 1

HGT200REG3 2 HGT200REG4), and the results are shown for
the period 1979–2019 (Fig. 1b). For boreal winters, the tradi-
tional PNA index obtained from the Climate Prediction
Center (CPC) is also shown (Fig. 1c). Both indices, barring
differences in magnitude, show positive (negative) values dur-
ing warm (cold) phases of ENSO, and the cross-correlation be-
tween them is 0.8. Our goal here is not to examine how
accurately El Niño forces PNA. Our intention is to assess the
model processes that are deemed necessary for the forced mid-
latitude circulation over the Pacific–North American regions
during El Niño winters.

In this model evaluation study, we assess the models’ fidelity
in accurately representing (i) strength and location of RWS′
that depend on anomalous tropical precipitation and associ-
ated divergent flow properties, and climatological vorticity gra-
dients in the subtropical jets, and (ii) local vorticity gradient
of the ambient zonal flow (2U /y2) in guiding the propaga-
tion of Rossby waves. Of relevance, model biases in precip-
itation (e.g., Kumar et al. 2005; Annamalai et al. 2007;
Deser et al. 2016), upper-level divergence and RWS′ (e.g.,
Jin and Hoskins 1995), and basic-state flow properties (e.g.,
Branstator 1985; Palmer and Mansfield 1986; Ting and
Sardeshmukh 1993) are all expected to influence ENSO-
induced teleconnection (Trenberth et al. 1998; Barsugli and
Sardeshmukh 2002).

The remainder of the paper is organized as follows: Section 2
deals with the POD and some details of the AMIP simulations
and reanalysis products. In section 3, models’ ability in repre-
senting equatorial Pacific precipitation (EPP) anomalies to
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generation of RWS′ are discussed. Section 4 deals with the
models’ fidelity in simulating basic-state properties. El Niño–
induced teleconnections are interpreted in section 5. In section 6,
model biases are quantified, along with improvements or
degradations in the transitions from AMIP5 to AMIP6 are

shown, and POD’s efficiency to model developers along
with key implications are presented. Conclusions and future
directions are highlighted in section 7. Further discussions
on model interpretations on midlatitude circulation are sum-
marized in appendix.

FIG. 1. (a) El Niño winter (DJF) composites of geopotential height (m) anomalies at 200 hPa;
(b) boreal winter El Niño–induced circulation index based on four regions [boxed outlines in
(a)] for the period 1979–2019 and is calculated as 0.25 3 (HGT200REG1 2 HGT200REG2 1

HGT200REG3 2 HGT200REG4) and (c) boreal winter traditional PNA index provided by CPC/
NOAA. Results in (a) and (b) are derived from ERA5. Here, REG1 is 108–208N, 1608–1308W;
REG2 is 408–508N, 1708–1408W; REG3 is 508–708N, 1208–808W; and REG4 is 308–408N, 1108–908W.
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2. ENSO Rossby wave source POD, model solutions and
reanalysis products

a. ENSO_RWS

The diagnostics package termed ENSO_RWS consists of
four levels or steps that are sequentially performed with
monthly data either from reanalysis or model integrations. To
attain robust composite results a reasonable sample of ENSO
winters is needed. However, the POD can be applied even for
a single El Niño winter (e.g., seasonal prediction solutions).
Similarly, the POD is applicable to any number of pressure
levels (e.g., to identify the level at which maximum upper-level
divergence and associated RWS′ are located).

In LEVEL 1, monthly anomalies are first constructed. Then,
based on a user-defined threshold of ENSO index, ENSO win-
ters are identified and seasonal composites of relevant variables
are generated. In LEVEL 2, restoring force for Rossby waves
(b*) is first estimated [Eq. (1)]. Subsequently, stationary
wavenumber (Ks) is estimated [Eq. (2)]. Following Hoskins
and Ambrizzi (1993), expressions for b* and Ks are given by

b* 5 b 2 2U /y2, (1)

Ks 5 (b*/U)1/2, (2)

where b (5df/dy) is latitudinal variations in planetary vorticity
(f),U is the basic-state zonal wind velocity, and 2U /y2 is the
local vorticity gradient of the ambient zonal flow. Stationary
Rossby waves are possible if the flow is westerly (U positive)
and b* is positive. In the estimation of b*, the magnitude and
curvature of U is important, with variations in Ks that subse-
quently influence the meridional propagation of Rossby waves
since waves are always refracted toward latitudes of higher Ks

(Hoskins and Ambrizzi 1993).
Level 3 explicitly solves the barotropic vorticity budget

for an upper-troposphere level, and the leading terms con-
tributing to the total RWS′ are quantified [Eq. (3)]. Follow-
ing Sardeshmukh and Hoskins (1988), RWS′ is given by

RWS′ 5 2z= ? y ′x 2 y ′x ? =z 2 z′ ? =y 2 y ? =z′: (3)

Here, z and yx correspond to absolute vorticity and the diver-
gent component of the wind, respectively. The overbar repre-
sents climatological seasonal mean, and the prime refers to
seasonal anomalies. The first term in RWS′ corresponds to
stretching due to anomalous divergence, and the second term
accounts for advection of climatological gradients in z by the
anomalous divergent wind. The third and fourth terms account
for transient eddy convergences of vorticity, and their contri-
butions to RWS′ are small but nonnegligible. Terms in Eq. (3)
confirm that RWS′ arises due to details in divergent flow that
depends on model’s accurately representing tropospheric dia-
batic processes. Therefore, errors in RWS′ can reflect inherent
errors in models’ parameterizations and their associated
interdependencies.

In level 4, results from levels 1–3 are condensed into scatter-
plots. Specifically, the sequential plots illustrate the model’s
ability in representing the chain of processes. The POD is

expected to inform the sensitivity of RWS′ to EPP anomalies
and ambient flow characteristics and the importance of 2U /y2

and b* in the refraction and reflection properties of Rossby
waves.

b. Model solutions and reanalysis

The AMIP5/6 suite consists of solutions from a total of 55
models, and the simulation period is 1979–2005 for AMIP5, and
1979–2014 for AMIP6, respectively. Compared to AMIP5,
there are additional models in AMIP6 pool (Eyring et al. 2016).
The POD is applied to solutions available from all AMIP5/6
models, and results are summarized for AMIP5 and AMIP6
separately as well as for the models that participated in both
phases.

To validate model results, similar diagnostics are applied to
multiple reanalysis products for the period 1979–2014. We em-
phasize that reanalysis uncertainties need to be taken into ac-
count while validating models. The products we diagnose include
the European Centre for Medium-Range Weather Forecasts
(ECMWF) interim reanalysis (ERAi; Dee et al. 2011); the fifth
major global reanalysis produced by ECMWF (ERA5; Herbasch
et al. 2020); the Modern-Era Retrospective Analysis for Re-
search and Applications, version 2 (MERRA-2; Gelaro et al.
2017); the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al.
2015); and the Climate Forecast System reanalysis (CFS-R; Saha
et al. 2010).

For models and reanalysis, variables diagnosed include pre-
cipitation, three-dimensional winds and geopotential height.
All the diagnostics are performed for composite El Niño win-
ters [years when Niño-3.4 (58S–58N, 1208–1708W) SST anoma-
lies exceed 1.0 standard deviation]. Since observed SST is
prescribed in AMIP simulations, El Niño winters are identical
in both reanalysis and models, and thus offer direct compari-
sons. Due to space constraints, however, spatial plots from
only two reanalysis, CFS-R and ERAi, are shown, since in
most of the diagnostics presented here, results from these two
reanalyses show lower/upper bounds on the five reanalyses
considered.

3. Anomalous Rossby wave sources during
El Niño winters

First, we assess anomalous tropical precipitation and associ-
ated upper-level circulation since model biases in them (e.g.,
Kumar et al. 2005) modulate the generation of the horizontal
component of atmospheric vorticity giving rise to RWS′ (e.g.,
Jin and Hoskins 1995; Ting and Sardeshmukh 1993). Second,
RWS′ spatial patterns in the subtropical North Pacific are dis-
cussed. To condense all the results from all the models, scat-
terplots are shown. In them, vertical and horizontal dashed
lines correspond to reanalysis uncertainties measured as lower
and upper bound values among them (e.g., Figs. 4, 7 and 13),
and a model simulation is interpreted to be realistic if its val-
ues fall within these uncertainties. Discussions on the quantifi-
cation of model biases, and improvements/degradations from
AMIP5 to AMIP6 are deferred to section 6.
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a. El Niño–related precipitation and circulation
anomalies at 200 hPa

Figures 2a–e show anomalous precipitation (shaded), 200-hPa
divergence/convergence (contours/hatching) and divergentwinds
(vector) from reanalyses. Observations (Fig. 2f) show that in re-
sponse to warm SST anomalies (contours) along the central
and eastern equatorial Pacific, precipitation (shaded) is in-
creased with a local maximum around the date line (108S–08,

1608E–1408W), termed the EPP region. Besides differences in
intensity, all the reanalyses represent the EPP pattern. In re-
sponse to increased convection, locally concentrated anoma-
lous upper-level divergence and divergent winds are seen.
Poleward, the meridional component of the divergent wind
anomalies converges over the subtropical North Pacific (STNP;
258–408N, 1508E–1608W) and along the South Pacific conver-
gence zone, implying a strengthened local overturning Hadley

     (a) ERAi                                                                                                                 (b) CFSR 

(c) MERRA-2                                                                                                          (d) ERA5 

(e) JRA55                   (f) GPCP-precipitation and OISST  

FIG. 2. (a)–(e) El Niño winter (DJF) composites of anomalous precipitation (shaded; mm day21), 200-hPa convergence/
divergence (hatching/contours; 1026 s21) and 200-hPa divergent winds (m s21; reference vector is shown) constructed from
reanalysis products: (a) ERAi, (b) CFSR, (c) MERRA2, (d) ERA5, and (e) JRA55. (f) Composites of observed precipita-
tion from GPCP and SST anomalies (contours with an interval of 0.58C for positive and 0.28C for negative values) are
shown. Observed SST is taken from Optimum Interpolated SST products. Green vertical lines correspond to westward
extension of positive precipitation anomalies (longitudinal position of 1.0 mm day21 contour) along the equatorial Pacific.
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circulation. In the equatorial plane, zonal weakening of the
Walker circulation with enhanced precipitation over the EPP
and suppressed precipitation over the Maritime Continent–
tropical western Pacific (MC-TWP), resulting in convergence
anomalies over MC-TWP are also apparent. Thus, two well-
separated upper-level convergence anomalies, one over the
STNP and another over the MC-TWP are evident. In the rean-
alyses, while the structures of divergent wind anomalies are in
good agreement, their intensities differ, which is consistent with

the varying precipitation anomalies. Note that a direct compari-
son of divergent winds in reanalyses will depend on the first
guess supplied by the forecast models (Dee et al. 2011). This is
sensitive to the physical parameterizations used in each reanaly-
sis model (Annamalai et al. 1999).

Figure 3 shows results from select AMIP5 (left) and their
corresponding AMIP6 (right) models while Fig. 4 summarizes
all AMIP models’ fidelity in capturing anomalous precipitation
and STNP convergence. Compared to observations (Fig. 2f),

     (a) GFDL-AM3                 (b)           GFDL-AM

(c) NCAR-CAM5                                (d)                   NCAR-CAM6

(e) MIROC-5                                        (f)                     MIROC-6     

(g) MPI-ESM-LR                                   (h)                 MPI-ESM2-L

FIG. 3. El Niño winter (DJF) composites of anomalous precipitation (shaded; mm day21), 200-hPa convergence/
divergence (hatching/contours in units of 1026 s21), and 200-hPa divergent winds (m s21) constructed from a few
models: (left) AMIP5 and (right)AMIP6. Green vertical lines correspond to westward extension of positive precipita-
tion anomalies (longitudinal position of1 1.0 mm day21 contour) along the equatorial Pacific.
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both in GFDL-AM3 (Fig. 3a) and CAM5 (Fig. 3c), EPP anom-
alies are meridionally confined but zonally elongated, extending
well into the western equatorial Pacific (green vertical lines) with
implications for westward shifts in anomalous convergence in
the STNP. Also, suppressed precipitation and convergence

anomalies protrude into the eastern equatorial Indian Ocean. In
contrast, EPP anomalies in MIROC5 and MPI-ESM-LR are
stronger than observations (Fig. 4c), but STNP convergence
anomalies are stronger in MPI-ESM-LR (Fig. 4a) while they are
unorganized with multiple local maxima in MIROC5 (Fig. 3e).

FIG. 4. Scatterplots between simulated anomalous precipitation (mm day21) averaged over the EPP (108S–08,
1608E–1408W) and 200-hPa divergence (1026 s21) averaged over the STNP (258–408N, 1508E–1608W): (a) AMIP5
models; (b) AMIP6 models. (c),(d) As in (a) and (b), but for EPP and precipitation anomalies averaged over
MC-TWP (58S–188N, 1108–1508E). (e),(f) As in (a) and (b), but for MC-TWP precipitation and 200-hPa divergence
(1026 s21) averaged over the EAM region (208–308N, 1008–1408E). The vertical and horizontal dashed lines corre-
spond to reanalysis uncertainties measured as lower and upper bound values among them, and a model simulation is
interpreted to be realistic if its values fall within these uncertainties.
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In GFDL-AM4 (Fig. 3b) and CAM6 (Fig. 3d), notable im-
provements include a reduced westward extension of EPP
anomalies and spatially organized convergence anomalies in the
STNP. Based on EPP and MC-TWP precipitation anomalies
(Figs. 3b,d and 4d), the anomalous Walker circulation is realistic
in GFDL-AM4 while both precipitation anomalies are weaker
than observations in CAM6. The reduced precipitation anoma-
lies protruding into the eastern equatorial Indian Ocean still
persist from CAM5, and a narrow tongue of unrealistic con-
vergence anomalies extends along the subtropical Asian jet
(around 308N). This is a feature present in all CAM6 model
versions including Finite Volume 2 degree resolution (FV2),
WACCM, and WACCM-FV2 (not shown). Compared to
MIROC5 (Fig. 3e), considerable improvements in MIROC6
(Fig. 3f) include STNP convergence and positive precipitation
anomalies along the East Asian monsoon (EAM; 208–308N,
1008–1408E). Of all the AMIP5 models, anomalous EPP and
STNP convergence are by far the strongest in MPI-ESM-LR
(Fig. 4a), while they are weaker in its AMIP6 version (Fig. 4b).

Scatterplots (Fig. 4) summarize models’ abilities in repre-
senting anomalous local Hadley (Figs. 4a,b) and planetary
Walker (Figs. 4c,d) circulations. Compared to reanalysis, sim-
ulated anomalous tropical precipitation and associated upper-
level circulation in most models are weaker. The intermodel
spreads between EPP (;2.5 to 8.0 mm day21) and STNP con-
vergence (0 to 22.2 3 1026 s21), as well as a varied conver-
gence response for similar EPP forcing and vice versa are
readily apparent (Figs. 4a,b). The strong association (both in
sign and amplitude) between the EPP wetness and MC-TWP
dryness (Figs. 4c,d) can be interpreted as follows: The ano-
malous Walker circulation with ascent over the equatorial
central-eastern Pacific leads to descent and low-level diver-
gence over the MC-TWP. Subsequently, the low-level ano-
malous westerlies advect climatological moisture from the
equatorial west to central Pacific further feeding the convec-
tion and enhancing ascent (Annamalai 2020). Figures 4e
and 4f summarizes the linkage between MC-TWP dryness
and regional divergence anomalies along the EAM front.
The low-level anomalous anticyclonic circulation that devel-
ops in response to reduced MC-TWP precipitation, through
horizontal moist advection, leads to a strengthened EAM
and, hence, upper-level divergence (e.g., Annamalai et al.
2005). However, large scatter between MC-TWP dryness and
EAM-divergence may be attributed to models’ inability in
representing latitudinally confined EAM anomalous precipita-
tion (Figs. 2 and 3). Within reanalysis uncertainties, it must be
emphasized that GFDL-AM4 captures realistic simulations of
both anomalous EPP and STNP convergence (Fig. 4b), and
MC-TWP dryness (Fig. 4d). As will be shown next, both con-
vergence over the STNP and divergent wind anomalies
along the EAM contribute to 2z=?y ′x and 2y ′x ?=z terms of
RWS′, respectively.

b. Anomalous Rossby wave sources at 200 hPa

Figures 5 and 6 show the geographical distributions of RWS′

(shading) from two reanalysis (Figs. 5a and 6a) and a selection
of AMIP5 (Figs. 5b–e) and AMIP6 (Figs. 6b–e) models. In

the right panels, 200-hPa climatological z (contours), y ′x and
total RWS′ (shaded) are shown. Note that the left and center
panels have different shading scale. In both reanalyses, com-
pared to subtropics, values of RWS′ are smaller in the deep
tropics owing to smallness in z. Elsewhere, the contribution
due to the vortex stretching term (2z=?y ′x) dominates the to-
tal RWS′ (right panels). Combining earlier results (Figs. 2–
4), anomalous convergence over the STNP determines the
stretching dominance, resulting in a cyclonic vorticity source.
This will be termed the primary RWS′. Note that the primary
source is situated in the climatological large-scale trough
region (right panels), and this favors Rossby wave rays to be
directed more toward the pole (Branstator 1983). y ′x is per-
pendicularly oriented to the z contours and determines the
zonal structure and sign of 2y ′x ?=z (middle panels) and its
contribution with a local maximum along the Asian jet is im-
portant for accurate representation of RWS′ over 258–408N,
808E–1708W. Contributions from transient eddy convergence
of vorticity [last two terms in Eq. (3)] to RWS′ are small and
hence not shown.

In GFDL-AM3, the STNP maxima in 2z=?y ′x is weak and
located west of the date line. Along the Asian jet the tongue
of positive vorticity due to 2y ′x ?=z is also shifted west. Both
are factors attributed to errors in representing perturbations
to the local Hadley and planetary Walker circulations as im-
plied in the divergent winds (right panels in Figs. 5 and 6).
These limitations are seemingly overcome in GFDL-AM4
(Fig. 6b). Similarly, compared to CAM5, there is a clear im-
provement in the representation of the primary RWS′ in
CAM6; however, the westward extension of zonally elongated
signatures in both 2z=?y ′x and 2y ′x ?=z along the Asian jet
(Fig. 6c) reflect the need for further model improvements. Com-
pared to its AMIP5 counterpart (Fig. 5d), components of RWS′
are similarly better represented in MIROC6 (Fig. 6d). Of all the
AMIP6 models, amplitudes of both 2z=?y ′x and 2y ′x ?=z are
the strongest in MIROC6, resulting in a too-strong RWS′ over
the STNP (Figs. 7c,d). In contrast, realistic representations of
RWS′ in MPI-ESM-LR (Fig. 5e) are degraded in its AMIP6
version (Fig. 6e).

To assess the role of simulated biases in anomalous pre-
cipitation, divergence, and climatological z and its gradient
in representing leading RWS′ in models, we show scatter-
plots among these variables (Fig. 7). While there is consider-
able model scatter between simulated anomalous EPP and
STNP convergence (Fig. 4), the subsequent relationship of
STNP divergence on the primary RWS′ is largely linear for
most models. The diverse response in 2z=?y ′x in AMIP6 for
divergence anomalies around ;21.25 (Fig. 7c), and 20.7 in
AMIP5 (Fig. 7a) is perhaps due to diversity in models’ cli-
matological relative vorticity averaged over the STNP
(not shown). Representing anomalous positive precipita-
tion along the EAM front and associated divergent winds
that determine 2y ′x ?=z are indeed difficult. This is in large
part due to existing precipitation biases in models, but
also due to how models relate precipitation anomalies to circu-
lation anomalies given the vertical profile of heating is key to
this connection. Even in reanalyses (Fig. 7d; note the spread in
precipitation anomalies from 0.7 to 1.2 mm day21 for 2y ′x ?=z
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values ;5.03 10211 s22) the relationship is poorly constrained.
Reanalyses results suggest that contributions from 2y ′x ?=z lie
in the range of 4.5–5.5 3 10211 s22 while that of 2z=?y ′x is
11–13 3 10211 s22. In both AMIP versions, large scatters

and ranges in both 2z=?y ′x and 2y ′x ?=z imply errors in di-
vergent flow properties that depend on models’ accurately
representing tropospheric diabatic processes. Compared to
their AMIP5 counterparts, many models (GFDL-AM4,

FIG. 5. 200-hPa anomalous Rossby wave source (10211 s22; shading) due to (left) stretching term, (center) advection term, and (right)
total from (a) CFSR, (b) AM3, (c) CAM5, (d) MIROC5, and (e) MPI-ESM-LR. Results from a few select AMIP5 models are shown. In
the right panels, 200-hPa climatological absolute vorticity (1025 s21; contours with an interval of 23 1025 s21 and zero contour as thick) and
anomalous divergent winds (m s21) are also shown. Reference vector is shown. Note that the center column has a different shading scale.
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FIG. 6. 200-hPa anomalous Rossby wave source (10211 s22; shading) due to (left) stretching term, (center) advection term, and (right) to-
tal from (a) ERAi, (b) GFDL-AM4, (c) CAM6, (d) MIROC6, and (e) MPI-ESM2-LR. Results from a few select AMIP6 models are
shown. In the right panels, 200-hPa climatological absolute vorticity (1025 s21; contours with an interval of 2 3 1025 s21 and zero contour
as thick) and anomalous divergent winds (m s21) are also shown. Reference vector is shown. Note that the center column has a different
shading scale. The boxed region in the top-left (top-center) panel shows the averaging area used to estimate2z=?y ′x (2y ′x ?=z) for results
shown in later figures.
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CAM6, bcc-csm2-mr, MIROC6, NorESM2-LR, CMCC-
CM2-SR5) show improvements in 2z=?y ′x in their AMIP6
versions (Fig. 7c). More discussions are provided in section 6
(Figs. 14–16).

In summary, the POD identifies model STNP RWS′ defi-
ciencies as being due to the following:

• Limitations in y ′x over the STNP highlighting limitations in
representing perturbations to the local Hadley circulation,
and hence on 2z=?y ′x.

• Westward extension of EPP anomalies and associated
anomalous convergence, accounting for spatially incoher-
ent and zonally elongated RWS′ along the jet.

• Limitations in representing the structure of=z along theAsian
jet, and enhanced precipitation along the EAM front, which

have implications for RWS′ through contributions from
2y ′x ?=z.

4. Ambient flow properties at 200 hPa

In this section, we assess models’ fidelity in accurately rep-
resenting climatological flow characteristics since model
biases in them influence the propagation of stationary Rossby
waves, and subsequently influence ENSO-induced telecon-
nections (e.g., Branstator 1985; Palmer and Mansfield 1986;
Ting and Sardeshmukh 1993). Figure 8 shows 200-hPa clima-
tological flow properties of U , 2U /y2, b*, and Ks for CFSR
and ERAi. Prominent elements in U include the African–
Asian jet, North American–Atlantic jet, and longitudinally

           (a) AMIP5                                                (b)

STNP divergence                                             EAM precip anomalies 

           (c) AMIP6 (d)

                      STNP divergence                                             EAM precip anomalies  

FIG. 7. (left) Scatterplots between simulated anomalous 200-hPa divergence (1026 s21) averaged over the subtropi-
cal North Pacific (258–408N, 1508E–1608W) and RWS′ due to stretching term,2z=?y ′x (10

211 s22); (right) scatterplots
between simulated anomalous precipitation (mm day21) averaged over the East Asian monsoon front (228–328N,
1108–1408E) and RWS′ due to advection term,2y ′x ?=z (10211 s22). (a),(b) All AMIP5 models and (c),(d) all AMIP6
models. The vertical and horizontal dashed lines correspond to reanalysis uncertainties measured as lower and upper
bound values among them, and a model simulation is interpreted to be realistic if its values fall within these uncertain-
ties. The averaging areas for2z=?y ′x and2y ′x ?=z are shown in Fig. 6a.
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extended Southern Hemisphere westerly maxima. Easterlies
are prominent over the near-equatorial African–Indian
Ocean–MC-TWP and South American regions. Spatial distri-
butions in b* suggest that a local maximum along the

African–Asian jet with weak but negative values to the north
of it, and also south of the Asian jet. Importantly, 2U /y2

(latitudinal gradient of local relative vorticity of the time-
averaged zonal wind) subtracted from b [Eq. (2)] augments the

(a) U200 hPa                  CFSR                                      ERAi                     (b) U200 hPa    

(c) /                                                                                                    (d) /

(e)                                                                                                                       (f) 

(g) (h)

FIG. 8. Boreal winter (DJF) climatological features at 200 hPa from two reanalysis: (a),(b) zonal wind (m s21);
(c),(d) 2U /y2 (10211 m21 s21); (e),(f) b∗ (10

211 m21 s21); (g),(h) Ks. (left) CFSR; (right) ERAi. In (a) and (b), east-
erlies are shown in gray; in (e) and (f), negative values of b∗ are shown in gray; and in (g) and (h), undefined values in
Ks are shown in white. Boxed outline in (e) corresponds to central North Pacific region (408–608N, 1308E–1408W),
and vertical dashed lines in (e) and (f) correspond to longitude of zero values of b∗ in that region.
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concentration of vorticity along the jet (Figs. 8e,f). The spatial
distributions in b* are largely determined by 2U /y2 or simply
U . The spatial variations in Ks, diagnose a Rossby waveguide
along the African–Asian jet extending over the western-central
North Pacific with undefined values in regions of mean easter-
lies and/or negative values of b* (e.g., Hoskins and Ambrizzi
1993). Compared to ERAi, 2U /y2 in CFSR is weaker along

the African–Asian jet resulting in a weaker b* and Ks along the
jet. Interreanalysis differences are also present in MERRA-2,
JRA55 and ERA5 (not shown). Thus, disagreement among re-
analysis needs to be taken into account while interpreting
model results.

To illustrate the challenge of choosing a reanalysis for
model validation of high-order dynamical flow properties,

FIG. 9. Boreal winter (DJF) climatological features at 200 hPa fromGFDLAM3 andAM4: (a),(b) zonal wind (m s21);
(c),(d) 2U /y2 (10211 m21 s21); (e),(f) b∗ (10

211 m21 s21); (g),(h)Ks. (left) GFDL-AM3; (right) GFDL-AM4. In (a) and
(b), easterlies are shown in gray; in (e) and (f), negative values ofb∗ are shown in gray; and in (g) and (h), undefined values
in Ks are shown in white. Vertical lines in (e) and (f) correspond to longitude of zero values of b∗ in the central-North
Pacific (408–608N, 1308E–1408W).
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GFDL-AM3 and GFDL-AM4 are compared in Fig. 9. In
GFDL-AM3, the spatial variations in U , 2U /y2, b*, and Ks

along the African–Asian jet are in good agreement with CFSR
(Fig. 8). In GFDL-AM4, in contrast, spatial variations in the
ambient flow properties along, and poleward/equatorward of
the African–Asian jet are consistent with ERAi (Fig. 8).
Model fidelity in accurately representing spatially coherent
negative b* values over the western-central North Pacific
(408–608N, 1308E–1408W) depends on accurately represent-
ing 2U /y2 between the core of the Asian jet (;308N,
1308E–1808) and western-central North Pacific (;608N,
1308E–1808). GFDL-AM3 and GFDL-AM4 can both ap-
pear realistic, depending on which reanalysis is used. One
systematic error in GFDL models (in most AMIP5/6 models
too) is that negative values of b* zonally extend west in
Asia just poleward of the African–Asian jet.

5. Circulation response during El Niño winters

In models, we test the hypothesis that realistic simula-
tions of primary RWS′ (Figs. 5–7), 2U /y2 and b* varia-
tions (Figs. 8 and 9) are necessary but not sufficient conditions
for a realistic circulation response over the Pacific–North
American regions. Meridional wind anomalies at 200 hPa
(V200) serve as a measure of equivalent barotropic stationary
Rossby waves, and local maxima of V200 indicate propagation
path of these waves. While there may be underlying uncer-
tainty as to whether El Niño forces PNA, here we assess
models’ ability in representing PNA and ENCI (Figs. 1b,c),
and show that at least from the POD employed here, our in-
terpretation does not change. PNA standardized index is
estimated from HGT200 (Wallace and Gutzler 1981). To
aid in the interpretation of wave propagation, over central
North Pacific (408–608N, 1308E–1408W) we identify the lon-
gitude at which zero values of b* are located (Figs. 9e,f and
10a–e). A b*LON is then defined with respect to the date
line (positive values refer to east of the date line, and nega-
tive values refer to west of the date line in Figs. 13–16).

a. Circulation response over North Pacific and
North America

Figures 10 and 11 show 200-hPa boreal winter climatologi-
cal distribution of b* superimposed on total RWS′ (left pan-
els), along with HGT200 and V200 (right panels). Since the
deep tropical circulation response is robust across the models,
we show HGT200 poleward of 208N only. Spatial variations in
2U /y2 are shown in Fig. 12. The same was previously shown
for GFDL AM3/AM4 in Fig. 9. The observed circulation re-
sponse comprises centers of alternating signs in HGT200
(e.g., Figs. 10f and 11f) and arches from the tropical Pacific
poleward to North Pacific, and then eastward and southward
across North America exhibiting a wave train pattern. V200
shows patterns that are in quadrature with HGT200. Based
on the above results, we will assess the following:

• The coherent versus diffuse nature of the primary RWS′

region and its location in the STNP (west or east of the
date line or zonally elongated along the jet).

• Spatial distributions of 2U /y2 and b* on their impact on
reflection/refraction properties of the waves.

Of the AMIP5/6 models, GFDL-AM4 and CAM6 capture the
most realistic El Niño–induced circulation anomalies (Figs. 11g,h)
with a characteristic meridional propagation from the tropics
to North Pacific and then arching northeastwards covering
North America, and finally southern parts of the United
States of America. Over the north-central Pacific, compared
to AMIP5 versions (Figs. 10b,c), there are improvements in
representing 2U /y2 (Figs. 9, 12) and b*, and a realistic
RWS′ over STNP (Figs. 11b,c, 13c,d), all factors favoring im-
proved midlatitude circulation response over the Pacific–
North American region

In many models, a very common erroneous feature is zon-
ally elongated (northwest–southeast oriented) HGT200
over the Aleutian low region. If the primary RWS′ is posi-
tioned to the west of the date line (e.g., MIROC5; Fig. 10d)
then owing to the presence of positive values in 2U /y2

(Fig. 12) or negative values of b* to the west and poleward
of this RWS′, meridional propagation of Rossby waves are
not permitted. Therefore, waves generated there will get re-
flected and become zonally elongated in the east–west direc-
tion, as ray tracing theory would suggest (Hoskins and
Karoly 1981; Hoskins and Ambrizzi 1993). If the primary
RWS′ is diffused (MPI-ESM2-LR; Fig. 6e), and/or if nega-
tive values of b* over central North Pacific extend too east-
ward (MIROC6; Fig. 11d) HGT200 over the Aleutian low
region are weak and zonally elongated as well (Figs. 11i,j).
Specifically, instead of pure meridional propagation from
the forcing region, both HGT200 and V200 patterns in
Figs. 11i and 11j suggests northeast arching wave train in-
dicating reflected waves due to inaccurate ambient flow
conditions.

In GFDL-AM3 (Fig. 10b), negative values in b* are not well
defined over the central-North Pacific and thus meridional
propagation of Rossby waves forced by RWS′ positioned to the
west of the date line is possible. Therefore, we infer waves ema-
nating from west of Japan arch northeastward depict a different
propagation path (Fig. 10g). Furthermore, in both GFDL-AM3
and MIROC5 the primary RWS′ reside along the Asian jet
(Figs. 10b,d) in which Ks is higher (Fig. 9g), and b* is strongest
(Fig. 9e). Then the radiated waves get trapped along the wave-
guide and tend to move poleward and equatorward as they exit
the jet region. Thus, interference from multiple waves with dif-
ferent wavelengths may contribute to unrealistic circulation
anomalies, as implied in barotropic model solutions (Held and
Kang 1987). Therefore, in assessing climate models’ fidelity to
represent PNA or ENCI it is crucial to assess models’ ability in
accurately representing b*LON. Ultimately, this metric de-
pends on a model’s eastward extension of the Asian jet, and
more precisely on 2U /y2.

b. Metrics to assess models’ circulation performance

We identify two metrics, namely, RWS′ and b*LON,
and to assess models’ PNA/ENCI dependence on either of
them, scatterplots are shown in Fig. 13. Results from
AMIP5 (AMIP6) are shown in the top (middle) panels for
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PNA, and only AMIP6 for ENCI are shown in the bottom
panels. In the left panels, 0 in b*LON refers to the date
line. In both metrics, there are clear uncertainties among
reanalyses, and assessing the models within these uncer-
tainties suggests that there is a clear improvement in
AMIP6, that is, the number of models with realistic PNA/
ENCI or RWS′ is higher compared to AMIP5. For both

circulation indices, similar response for diverse RWS′ and
varied response for similar RWS′, and similar diversity in
b*LON and PNA/ENCI are common. Even if the two met-
rics are realistic, simulated PNA/ENCI can be either stronger
(e.g., GFDL-AM4 and CAM6) or weaker [e.g., Taiwan
Earth System Model, version 1 (TaiESM1) and Meteorologi-
cal Sciences Community System Model 1-0 (MS-CSM-1-0)].

FIG. 10. 200-hPa boreal winter (DJF): (left) climatological b∗ (shading; 10
211 m21 s21) and RWS′ (dark hatching

for positive values and light hatching for negative values; 10211 s22); (right) 200-hPa geopotential height (shaded; m)
and meridional wind (contours; m s21) anomalies during El Niño. Vertical lines in the left column correspond to lon-
gitude of zero values of b∗ in North Pacific. Results from CFSR and a few AMIP5 models are shown.
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Additionally, even for weaker RWS′ a realistic PNA/ENCI is
simulated (e.g., ACCESS-ESM1-5). Generally, sensitivity of
the two metrics is similar to both ENCI and PNA with one clear
exception. Of all the AMIP6 models, MIROC6 represents the
strongest RWS′ while the simulated PNA is the weakest, but
ENCI appears realistic (Fig. 13f). A careful examination of

contribution from all the four regions (Fig. 1a) indicate that due
to unrealistic eastward extension of negative HGT200 over
North Pacific and continental United States (Fig. 11i), contribu-
tion from the fourth region overwhelms, resulting in a realistic
ENCI. Results presented in section 5 suggest that the two met-
rics are necessary but not sufficient conditions to represent a

FIG. 11. 200-hPa boreal winter (DJF): (left) climatological b∗ (shading; 10
211 m21 s21) and RWS′ (dark hatching

for positive values and light hatching for negative values; 10211s22); (right) 200-hPa geopotential height (shaded; m)
and meridional wind (contours; m s21) anomalies during El Niño. Vertical lines in the left column correspond to lon-
gitude of zero values of b∗ in North Pacific. Results from ERAi and a few AMIP6 models are shown.
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realistic midlatitude circulation response during El Niño winters.
More discussions on this aspect are provided below.

6. Model biases, improvements, and implications for
model developers

a. Quantification of model biases

Figure 14 shows model biases (expressed in %) with respect
to multireanalysis mean anomalies. AMIP5 (AMIP6) model
biases are shown in the left (right) panels, and the key

variables discussed in previous sections are shown. EPP wet-
ness and MC-TWP dryness, in about two-thirds of all AMIP
models, are weaker than observations. Irrespective of a mod-
el’s ability to represent equatorial precipitation anomalies,
biases in STNP convergence (and associated RWS′) are sys-
tematically weaker than in reanalysis. This implies a role for
other processes in determining actual STNP convergence. In
some models, the maximum level of anomalous divergence/
convergence may not be at 200 hPa, an issue currently being
investigated. As regards to b*LON, biases in most models are

FIG. 12. Spatial maps of 2U /y2 (or local vorticity gradient) of the ambient zonal flow (U ) at 200 hPa. Results are
from (a),(b) two reanalysis and (c)–(f) select AMIP5 (AMIP6) models are presented in the left (right) panels. Units
are 10211 m21 s21.
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inclined toward being east of the date line in AMIP6 compared
to west of the date line in AMIP5. In both AMIP versions, biases
in both circulation indices are similar in any given model, suggest-
ing model consistency in representing either of the two indices. In

summary, model biases quantitatively range from (i) 255% to
40% for tropical precipitation, (ii) 280% to 20% for STNP con-
vergence that directly impact primary RWS′ (275% to 30%), and
(iii)260% to 40% for circulation response over the PNA region.

FIG. 13. (left) Scatterplots between RWS′ (10211 s22) averaged over the STNP (258–408N, 1508E–1608W) and
PNA; (right) scatterplots between b∗LON in the North Pacific and PNA. (a),(b) All AMIP5 models and (c),(d) all
AMIP6 models. Scatterplot (e) between RWS′ and ENCI and (f) between b∗LON and ENCI in AMIP6 models. The
vertical and horizontal dashed lines correspond to reanalysis uncertainties measured as lower and upper bound values
among them, and a model simulation is interpreted to be realistic if its values fall within these uncertainties.
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b. Improvements or degradations from AMIP5 to
AMIP6

Model results of the chain of processes presented above
suggest that some of them are improved in AMIP6 and some
are degraded. To highlight improvements for each modeling

center, Fig. 15 shows results from models that participated in
both AMIP versions. Here, biases are estimated with respect
to their corresponding multireanalysis means. If the AMIP6
bias falls closer to reanalyses (boxed area in Fig. 15)
compared to AMIP5 biases, it is interpreted as improved (left
panels). Conversely, if the bias falls more distant, it is

FIG. 14. (left) AMIP5 and (right) AMIP6 model biases with respect to multireanalysis (expressed in %). The varia-
bles are (first row) EPP, (second row) MC-TWP precipitation, (third row) STNP divergence at 200 hPa, (fourth row)
RWS′ averaged over STNP, (fifth row) b∗LON in the central-North Pacific (0 values in b∗LON refers to date line),
(sixth row) PNA, and (seventh row) ENCI indices.
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interpreted as degraded (right panels). In all panels, number 5
stands for AMIP5 and 6 refers to AMIP6, and colors corre-
spond to the model’s name. If only one of the two variables in
Fig. 15 is either improved or degraded, that model’s results
are not shown.

AMIP5 model values that lie in the bottom left quadrants
(weak in both variables; Figs. 15a,c), and more eastward val-
ues of b*LON (Figs. 15b,d) converge toward reanalysis values
(boxed area) in AMIP6. These results convince us that there
is an overall improvement in AMIP6 models’ representations

FIG. 15. Scatterplots to illustrate (a)–(d) improvements or (e)–(h) degradations in both variables in each panel from
AMIP5 to AMIP6. Variables considered are RWS′ (10211 s22) averaged over the STNP, b∗LON in the North Pacific,
PNA and ENCI circulation indices. Model biases are estimated with respect to their corresponding multireanalysis means.
(left) If the AMIP6 bias falls closer to reanalyses (boxed area) compared to AMIP5 biases, it is interpreted as improved.
(right) Conversely, if the bias falls more distant, it is interpreted as degraded. In all panels, number 5 stands for AMIP5
and 6 refers to AMIP6, and colors correspond to the model’s name. The 0 values in b∗LON refer to the date line.
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of RWS′, b*LON, PNA, and ENCI. In each of the panels,
while the number of models showing improvements in both
variables is different, four models show consistent improve-
ments and they are BCC-CSM2-MR, NCAR-CAM6, GFDL-
AM4, and CMCC-CM2-SR5. In these models, improved
basic-state as evidenced by b* (Figs. 15b,d) and representa-
tion of RWS′ (Figs. 5 and 6) in regions of lower Ks (Figs. 8
and 9), favor meridional propagation. While six models show
improvements in RWS′ and PNA (Fig. 15a), b*LON in Can-
ESM5, for example, is positioned too westward of the date
line (Fig. 13d), and an unrealistically strong PNA/ENCI is

simulated. We offer possible reasons for these extremes in the
appendix. It should be mentioned here that models that show
improvements or degradations in RWS′ and PNA pair, or
b*LON and PNA pair, show similar results in RWS′ and ENCI
pair, or b*LON and ENCI pair.

In considering b*LON and RWS′ as two independent met-
rics that collectively determine PNA/ENCI, we summarize
their joint relationships in Fig. 16 with conventions used as in
Fig. 15. In this cubic view, if both independent metrics are
clustered around the reanalysis values (gray cubes), then
height anomalies averaged over the PNA and ENCI are

FIG. 16. Three-dimensional (3D) plots to highlight AMIP5/6 models representation of two
metrics and their impact on (a) PNA and (b) ENCI indices. Independent variables are b∗LON
in the North Pacific and RWS′ (10211 s22) averaged over the STNP east of the date line (258–408N,
1808–1608W). Model biases are estimated with respect to their corresponding multireanalysis
means. If the AMIP6 bias falls closer to reanalyses (boxed area) compared to AMIP5 biases, it is
interpreted as improved. Conversely, if the bias falls more distant, it is interpreted as degraded.
In all panels, number 5 stands for AMIP5 and 6 refers to AMIP6, and colors correspond to the
model’s name. Reference unit “line” represents 0.25 standard deviation. Models in which both
metrics and PNA/ENCI indices improved are highlighted at the top.
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realistic, and improvements in b*LON and RWS′ and ENCI
or PNA are readily apparent in their AMIP6 versions for the
four models earlier identified in Fig. 15. Similarly, degrada-
tions in two models (IPSL-CM6A-LR and NorESM2-LM)
are outliers. Furthermore, this plot suggests that if one of the
two metrics is unrealistic so is the PNA/ENCI response.
Figures 13 and 14 suggest that other AMIP6 models show re-
alistic values either in RWS′ [e.g., Seoul National University
Atmosphere Model, version 0, with a Unified Convection
Scheme (SAM0-UNICON)] or b*LON [e.g., Energy Exascale
Earth System Model, version 1.0 (E3SM-1-0)] or both (e.g.,
TaiESM1). We discuss some aspects of these models’ fidelity
in the appendix.

c. Implications for model developers

In models, both in basic-state and anomalous conditions,
changes in the response of moist processes either to parame-
terization modifications or tuning and calibration, can often
change the nature of the seasonal distributions of tropical pre-
cipitation and heating, and by association moistening and di-
vergence profiles. While validation of an integrated scalar
quantity such as precipitation is mostly straightforward, an
understanding of the circulation consequences in the tropics,
and particularly the nonlinear wave–mean flow interactions of
the extratropics is not. The intention would be to monitor
simulation improvements over time. Equally, however, when
inadvertent or unintended degradations are discovered, deci-
sions need to be made on how to move forward. This could in-
volve either a concerted effort to understand the processes
leading to the degradation or accepting the response and
moving forward regardless. By having a suite of PODs as an
automated tool, a broad range of simulation features could be
invoked that span the range of performance features for
which a model is being designed. In the case of climate models
this would include large-scale circulation features (the focus
here), modes of variability and climate feedback processes
(e.g., cloud feedbacks, precipitation, and temperatures). Thus,
the assessment presented here is intended to provide useful
feedback to model developers where POD performance
changes can be linked to parameterization improvements,
even though these linkages can often be circuitous and diffi-
cult to disentangle.

Model developers primarily focus on a very limited set of
requirements or metrics in order to produce a useful model,
often for CMIP (and also AMIP) purposes (Schmidt et al.
2017; Hourdin et al. 2017). The focus is often biased toward
the larger climate change requirements, in order to capture
historical, and therefore reliable, future evolution of a warm-
ing world, even though there is disagreement in priorities
across the modeling centers. The analysis presented here is
different, in that it captures a succession of processes critical
to both climate change and Earth system prediction in the
Northern Hemisphere, but it does so with a process-oriented
focus that follows this succession from the tropical Pacific to
the West Coast of the United States. Applying this particular
POD continually through the development process will keep
a regular check on the fidelity of the modeled response to

anomalous El Niño convection (such a progression in coupled
models is obviously a much greater challenge given the varia-
tion in Pacific SSTs and associated model biases). Applying a
set of PODs is expected to reduce the frequent occurrence in
model development of a particular process or mode of vari-
ability degrading over time. This degradation can be unknown
to the developers earlier due to lack of availability of appropri-
ate PODs. The hope is that it will become a standard method to
assess models, in the same way that ENSO, the North Atlantic
Oscillation (Simpson et al. 2020), and Madden–Julian oscilla-
tion (Chen et al. 2022) have become to date.

7. Conclusions

During boreal winters, to assess climate models’ fidelity in
representing ENSO-induced teleconnection over North Pacific
and North America, as part of NOAA Model Diagnostics
Task Force efforts, a process-oriented diagnostic (POD) pack-
age termed ENSO_RWS is developed. The POD assesses the
chain of processes, that is, intermediate between equatorial
Pacific precipitation (EPP) and the midlatitude circulation
pattern that are rarely addressed in model development and
evaluations. Ambient upper-tropospheric flow properties such
as local vorticity gradient of the ambient zonal flow (2U /y2),
restoring force for Rossby waves (b*), and stationary wave-
number (Ks) are estimated. The equivalent barotropic
vorticity equation is then solved and the leading terms of
RWS′ are quantified. For a realistic representation of the
circulation response over the PNA regions, our working
hypothesis is that models accurately represent the strength
and location of primary RWS′, and spatial variations in
2U /y2 and b*.

Our POD identifies two important metrics, and they are as
follows:

• Spatial coherence in the primary RWS′ in the STNP.
• Spatial distributions in 2U /y2 and b* to assess propagation
of the radiated waves ( b*LON, i.e., zero values of b* in the
central North Pacific to the west or east of the date line).

Encouragingly, clear improvements in forcing (EPP) and
response (STNP convergence) are noted in AMIP6 experi-
ments leading to improvements in the simulation of primary
RWS′ (Figs. 5 and 6) with subsequent improvements of
b*LON and PNA/ENCI (Figs. 15 and 16). If a model’s fidelity
in accurately representing spatially coherent negative b* val-
ues over the western-central North Pacific (408–608N, 1308E–
1408W) that depends on 2U /y2 is compromised, propagation
characteristics of Rossby waves are impacted. If b*LON lies well
eastward, initial meridional propagation of Rossby waves from the
forcing region are reflected. This results in zonally elongated height
anomalies over central North Pacific with a weakened Aleutian
low and PNA index (e.g., GFDL-AM3, CAM5). Conversely, if
b*LON lies well westward, multiple wave trains are simulated and
constructive interference is postulated. This leads to a too strong of
a PNA/ENCI (CanESM5, Fig. 13d), and further discussed in
appendix.

Comparing models from the same modeling groups (Figs. 15
and 16), we note that if both the metrics are improved then
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those models’ representation of PNA and ENCI are most com-
monly improved, perhaps for correct reasons based on the in-
terpretations offered here. Even in these models, however,
need for improvements on other aspects such as arresting west-
ward extension of enhanced EPP anomalies and associated zon-
ally elongated RWS′ (e.g., CAM6) are brought out by the
POD. If only one of the metrics is improved (e.g., RWS′ in
MIROC6) and other metrics are worsened (b* inMIROC6), our
POD offers an explanation for the unrealistic spatial pattern and
intensity in HGT200 over North Pacific (Fig. 11) and suggests
which metrics need to be improved. Note that accurate estima-
tion of RWS′ is dependent on divergent flow details that crucially
depends on models’ fidelity in accurately representing diabatic
processes. Thus, the POD is expected to provide positive feed-
back to model developers where performance changes can be di-
rectly linked to parameterization changes, ultimately leading to
improved model parameterizations. During the development
process of a climate model, applying this POD continually will
keep a regular check on the fidelity of the modeled response to
anomalous El Niño convection in the presence of changing
model ambient flow characteristics such as 2U /y2 andb*.

Based on the lack of a one-to-one relationship between
EPP and STNP convergence (Fig. 4), the suggestion is that
the initial source of model error could very well lie in the ver-
tical distribution of diabatic processes that largely determine
divergent winds. A successive POD to assess vertical pro-
cesses during ENSO is a logical next step and will be similarly
applied to climate models.
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APPENDIX

Further Model Interpretations

For active model developers, the simulated circulation re-
sponse in AMIP6 is too strong or weak or realistic, and do
the two identified metrics, RWS′ and b*LON, offer plausible
explanations? In AMIP6, simulated circulation is realistic (e.g.,
ACCESS-ESM1-5,MPI-ESM1-2-HR, INM-CM5-0, BCC-ESM),
and either too strong (e.g., CanESM5) or weak (e.g., ACCESS-
CM2) in others. We further examined results from all the
28 AMIP6 models. While we do not discuss every model result in
detail, we present a few that share common features, and offer
possible interpretations.

While the simulated PNA/ENCI is realistic in some models,
it may be for incorrect reasons. As an example, results from
ACCESS-ESM1-5 (Figs. A1 andA2; bottom panels) show weak-
ened Asian jet and weaker b* along the jet, and spatially incoher-
ent b* (no negative b* values between 308 and 508N over western
North Pacific and incorrect b*LON), andmore poleward orienta-
tion of upper-level divergence and RWS′ (;558N). In this model,
compared to reanalysis (Fig. 11f), positive HGT200 over north
America is unrealistically strong and negative HGT200 over
southeast United States is too weak, compensating for a realistic
PNA/ENCI, and furthermore V200 shows more zonal character-
istics over North Pacific and North America, indicative of errors
in thewavy nature of the ambient flow.

For differing RWS′ strength, CanESM5, INM-CM-4-8,
and NorCPM1 simulate PNA/ENCI values that are too
strong (Figs. 13c,e). Are there common errors across these
models? In all of them, b*LON is positioned westward of
the date line (Figs. 13d,f). As an example, Figs. A1 and A2
(top panels) show POD results for CanESM5. Of relevance,
the ambient westerly Asian jet is diffused and weak, and con-
sequently, 2U /y2 is too weak poleward of the jet maximum
resulting in spatially contracted negative values of b* to the
west of the date line in the North Pacific. This, in conjunction
with a reasonably positioned primary RWS′, meridional propa-
gation of stationary Rossby waves is favored over northwestern
Pacific and further poleward resulting in subtropical and high-
latitude wave trains in CanESM5 (Fig. A1b). Thus, we specu-
late that due to constructive interferences of multiple waves,
except the tropical one, the other three centers of action ex-
hibit too-strong HGT200 values, resulting in an unrealistically
strong PNA/ENCI (Fig. A1b).

On the other hand, simulated PNA/ENCI is weaker than
reanalysis in about 50% of the AMIP6 models (Fig. 13). They
are ACCESS-CM2, BCC-CSM2-MR, CESM-FV2, CESM2-
WACCM, CESM2-WACCM-FV2, E3SM1.0, FGOALS-f3-L,
GISS-E2-1-G, IPSL-CM6A-LR, SAM0-UNICON, MIROC6,
MPI-ESM1-2-HR, MRI-ESM2-0, and Tai-ESM-1. This occurs
despite both metrics being realistically represented in some of
them (e.g., BCC-CSM2-MR and Tai-ESM-1). Common fea-
tures in all these models include zonally elongated EPP,
RWS′ and HGT200 over the North Pacific, radiation and
propagation of multiple wave trains and spatially incoherent
b* variations (e.g., no negative values between 308 and 508N
over western North Pacific). To illustrate, we show results
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(Figs. A1 and A2) from BCC-CSM2-MR (second row) and
TaiESM-1 (third row).

In BCC-CSM2-MR, ambient flow properties are realistic
but RWS′ is zonally elongated with signatures along the
Asian jet and has a pronounced north–south orientation
(reaching 558–608N) in central-North Pacific. HGT200 pat-
terns are nearly circular over central-North Pacific (instead
of elliptical as in reanalysis) and multiple wave trains are
seen in the Northern Hemisphere. Annamalai et al. (2007)
suggested that HGT200 due to short wavelength Rossby

waves trapped by the jets, after exiting the jet region, are
out-of-phase with HGT200 in the North Pacific with waves
of longer wavelength (or lower Ks) forced by EPP-induced
heating, and thus their destructive interference weakens
PNA/ENCI. While results presented in Fig. 15 suggest an
overall improvement from its AMIP5 version, caution needs
to exercised based on the interpretations offered here. In
TaiESM-1, EPP anomalies extend across the entire Pacific
basin with consequences for zonally elongated primary
RWS′ and HGT200 over the Aleutian region. Compared to

FIG. A1. 200-hPa boreal winter (DJF): (left) climatological b∗ (shading; 10
211 m21 s21) and total anomalous Rossby

wave source (hatching for positive values and lines for negative values; 10211 s22); (right) 200-hPa geopotential height
(shaded; m) and meridional wind (contours; m s21) anomalies during El Niño. Vertical lines in the left column corre-
spond to longitude of zero values of b∗ in North Pacific (b∗LON). Results from a few AMIP6 models are shown.
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reanalysis (Fig. 11b), two well-separated wave trains over
North Pacific, one in midlatitudes (;408N) and another in
high latitudes (608–708N), are discernible.

Briefly, besides EPP forcing and ambient flow properties
on planetary wave propagation, a number of other nonlin-
ear processes are involved in accurately determining the
magnitude of extratropical response. They include interac-
tions with transients (e.g., storm-track changes; Held et al.
1989) and interference from midlatitude chaotic internal
variability (Lau 1981), and horizontal and vertical distribu-
tions of diabatic heating anomalies over the tropical

Indian Ocean region (Simmons et al. 1983; Ting and
Sardeshmukh 1993; Lau 1997; Barsugli and Sardeshmukh
2002; Annamalai et al. 2007). In AGCMs, besides primary
RWS′ in STNP, due to wave propagation new convergence
and divergence centers can form leading to secondary
RWS′ elsewhere (Figs. 5 and 6). Consequently, radiation
of various wave trains with different wavelengths and
great circle paths are expected. Therefore, a detailed as-
sessment of all factors impacting PNA/ENCI amplitude is
not feasible and is also beyond the scope of the present
research.

FIG. A2. Spatial maps of key variables during boreal winter (DJF) from a few models: (left) El Niño composite anomalous precipitation
(mm day21; shaded), 200 hPa convergence/divergence (contours/hatching in units of 1026 s21) and divergent wind (m s21; reference vec-
tor is shown); (center) 2U /y2 or meridional curvature of the ambient zonal flow (U ) at 200 hPa (10211 m21 s21); and (right) Ks, the sta-
tionary wavenumber. Models include (top to bottom) CanESM5, BCC-CSM2-MR, TaiESM-1, and ACCESS-ESM1-5.
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