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ABSTRACT: Atmospheric angular momentum (AAM) is used to study the variability of Earth’s atmospheric circulation
during the past 45 years, a time of considerable climate change. Using global AAM, two interdecadal states are defined
covering the periods 1977-98 (hereinafter P1) and 1999-2022 (P2). Global AAM decreased from P1 to P2 and was accom-
panied by weakened subtropical jet streams in both hemispheres, strong convection around the northern Maritime Conti-
nent, and a strengthened sea surface temperature (SST) gradient across the tropical Pacific Ocean. The period differences
project onto 1) internal interdecadal Pacific variability (IPV), 2) a postulated transient ocean thermostat response to green-
house gas and aerosol emissions, and 3) circulation anomalies related to the ozone hole. During 1977-2023, the first two
processes are forcing the climate toward larger Pacific Ocean SST gradients and a poleward expansion of the Indo-Pacific
warm pool (IPWP), especially into the Northern Hemisphere. The ozone hole produces its own distinct pattern of anoma-
lies in the Southern Hemisphere that tend to become persistent in the early 1990s. The zonal and vertical mean AAM var-
iations during P1 have frequent westerly wind anomalies between 40°N and 40°S with poleward propagation on
interannual time scales. During P2, the circulation is dominated by subtropical easterly wind anomalies, poleward-shifted
jets, and weaker propagation. Locally, the zonal mean anomalies manifest as midlatitude ridges that lead to continental
droughts. Case studies illustrate the weakened subtropical jet streams of P2 and examine the factors behind a transition to
La Nifia in early 2020 that maintains the P2 pattern.
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1. Introduction These include relationships between global AAM and the
length of day (Rosen and Salstein 1983; Salstein et al. 1993),
changes in AAM as a function of the El Nifio-Southern Oscilla-
tion (ENSO; Rosen et al. 1984; Dickey et al. 1992), and varia-
tions of zonal and global AAM due to 30-70-day activity
(Weickmann et al. 1997). Global mean relative AAM is
anomalously high during an El Nifio and certain phases of
the Madden-Julian oscillation (MJO; Madden and Julian
1971, 1972, 1994) due to anomalous zonal mean westerly
wind flows in the subtropical atmosphere; the opposite flows
and low AAM occur during La Nifia and certain phases of

Atmospheric angular momentum (AAM) has been used to
study changes in the global circulation on multiple time scales rang-
ing from synoptic to millennial (Pack and Huang 2012; Veerman
and Heerwaarden 2019). AAM is a measure of the rotation of the
atmosphere about Earth’s axis and is altered through exchanges
with the solid Earth also rotating about its axis (Peixoto and Oort
1992). Changes in this quantity are related to surface wind
stresses, surface pressures across complex terrain (Weickmann
2003; Weickmann and Sardeshmukh 1994, hereinafter WS94;
Weickmann et al. 1997; Egger et al. 2007) and indirectly meridio-

nal AAM transports (Palmen and Newton 1969; Starr 1948, 1951).
Numerous studies of global and zonal mean AAM have
been carried out using various model and reanalysis datasets.
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the MJO.

In this investigation, climate changes related to two Pacific
Ocean climate shifts in 1976/77 and 1998/99 are studied, where
Period 1 (P1) is defined as 1977-98 and Period 2 (P2) is de-
fined as 1999-2022. The shifts have been associated with oppo-
site phases of the interdecadal Pacific oscillation (IPO; Meehl
et al. 2016a; Folland et al. 2002) and possibly also with a tran-
sient response to greenhouse gas and aerosol emissions (Heede
and Fedorov 2023) related to the ocean thermostat hypothesis.
This would help explain the difference between the current cli-
mate, represented here by P2, and the climate predicted by cli-
mate models, which is closer to P1 (Heede et al. 2021).

Interdecadal and decadal variations of the atmosphere and
ocean have been studied extensively dating back to at least
the late 1800s (e.g., Nigam et al. 2020; Dong and Dai 2015;
Paek and Huang 2012; Veerman and Heerwaarden 2019;
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Yang et al. 2020; Moron et al. 1998; Meehl et al. 2016a). For
the IPO, Henley et al. (2015) suggest warm or positive phases
were observed during roughly 1924-44 and 1977-99, and neg-
ative or cold phases during 1945-76 and 1999-2013. The nega-
tive or cold phases had anomalously high sea level pressure
across the central and eastern North Pacific Ocean with the op-
posite sense during the positive or warm phase. Broadly speak-
ing, the negative phase has the characteristics of La Nifia while
the positive phase resembles El Nifio. This has led to the idea
of La Nifia-like and El Nifio-like states lasting for decades.

The TPO is also known as interdecadal Pacific variability
(TPV) since the mode may not be an oscillation; it could be a
red noise process with a 3-5-yr decay time scale. Tung et al.
(2019) even dispute the existence of an interdecadal Pacific SST
mode, preferring the well-known Pacific decadal oscillation
(PDO/PDV) based on temporal filtering and rotated EOFs.
Meehl et al. (2021) studied large member composites of model
IPO transitions but did not characterize the type of temporal
variability. We will use the above acronyms interchangeably,
somewhat dependent on their use in the reference being cited.

After the first climate shift in 1976/77, the Indo-Pacific warm
pool (IPWP) expanded eastward (Roxy et al. 2019; Hartmann
and Wendler 2005) creating a favorable ocean state for basin-
wide El Nifio (warm) events involving the eastern Pacific cold
tongue including the strong 1982/83 and 1997/98 events. Related
to this warm pool expansion the positive phase of the IPO/IPV/
PDO dominated much of 1977-98 (Meehl et al. 2016a; Henley
et al. 2015).

After the second climate shift in 1998/99, the IPWP center
moved northwest and expanded poleward as the negative phase
of IPV/TPO prevailed (Dong and Dai 2015). There is the sug-
gestion that “global warming” pauses when IPV is in its nega-
tive phase (i.e., P2) leading to a “warming hiatus” (Medhaug
et al. 2017) such as was observed during 2000-15. After the
2015/16 El Nifio, Su et al. (2017) and Hu and Fedorov (2017)
proposed global surface temperature had exited the hiatus with
a transition to positive IPO. Several models (Henley et al. 2017;
Meehl et al. 2016b; Thoma et al. 2015) also predicted that the
IPO would return to a positive phase during 2015-19 and re-
sume an accelerated warming. The 3-yr La Niiia that developed
in early 2020 leaves that result in doubt. Although variability
has increased, little additional warming in global temperatures
has occurred since the 2015/16 El Nifio.

Fasullo et al. (2023) postulate transient forcing from the
2019/20 Australian wildfire smoke helped force the La Nifia
and shifted the climate back to a negative IPO. A diagnosis of
AAM and outgoing longwave radiation (OLR) anomalies dur-
ing the onset of the 2019/20 La Niiia (section 7) suggests that
typical ENSO variability was at play. Less typical were the ef-
fects from the ozone hole in Southern Hemisphere circulation,
especially since ~1993 when it reached its maximum areal ex-
tent and remains nearly that large through 2022. The down-
ward coupling from the strong jet in the stratosphere that
accompanies the decreased heating in the southern polar
stratosphere reaches the surface in December—February (Orr
et al. 2021) and interacts with the internal (IPO/IPV) and
forced (greenhouse gases and aerosols) variability discussed
earlier.
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The paper is organized as follows. Section 2 presents a short
review of the AAM calculations and summarizes the datasets
and analysis techniques. The two interdecadal periods, P1 and
P2, are described in section 3 using AAM and Pacific Ocean
SST anomalies. Section 4 presents period mean anomaly
maps while section 5 compares the differences in climatology
for AAM and 500-hPa heights. In section 6 a case study illus-
trates the P2 preferred anomaly pattern during 2019-21 and
the impact from a weak EI Nifio in 2019/20 and a moderate
La Niifia in 2020/21. Section 7 summarizes and discusses the
main points.

2. Data and analyses
a. Zonal and global AAM integrals

The complete equations for the zonal and global AAM
budget are presented in WS94. The zonal and global integrals
of daily relative AAM from 1958 to 2022 are used to define
two interdecadal states and to study climate features of two
recent winters. The global relative AAM is defined by

M, = ([{u X a X cos($)}]), 1)
whereas the zonal relative AAM is

m,(¢) = [{u X a X cos($)}], @

where {}, [], and ()represent vertical, zonal, and meridional in-
tegrals, respectively (see WS94); u is the zonal wind, a is the
radius of Earth, and ¢ is latitude.

Accordingly, vertical integrals are computed for each
latitude-longitude grid box, and these are summed appro-
priately to make any area or volume integral. Thus, the units
on AAM are the same whether zonal or global integrals
(kgm?s™1); this is true likewise for the AAM tendency
where the units are kgm?s 2.

The AAM climatology is defined for the period 1977-2022
and is used to compute the anomalies shown in Figs. 1 and 7
(below). The 1977-2022 climatology allows anomalies to be
compared directly between the two periods. If climatology
were defined as P1 or P2, anomalies in the opposite period
would become inflated. For example, the climatology currently
being used by diagnostic and forecast centers covers 1991-
2020. As a result, the significant warming from this period is
now part of the climatology and is no longer seen in the anom-
alies with the last 30-yr climatology removed. The years before
1991 now have inflated negative anomalies relative to the
warmer 1991-2020 climatology.

For the P2 — P1 change in climatology (Figs. 5 and 6, dis-
cussed in more detail below), we compute the difference be-
tween the climatology (all harmonics) of each period. Only the
19682022 portion of the NCEP-NCAR reanalysis (R1) AAM
is used due to an assimilation problem with 1948-67 that produ-
ces a spurious negative mountain torque in the NH as discussed
in the appendix. On the other hand, the positive mountain tor-
que seen along 10°-30°S in Fig. Ala is real and develops around
the time that the ozone hole reaches its maximum areal extent
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FIG. 1. The (a) zonal and (b) global relative AAM anomalies for January 1958-2022. The daily zonal and global
fields have been filtered with a 300-day low-pass Gaussian filter. The vertical lines separate periods that are charac-
terized by the text on the top of (a) (“period 1” is defined as 1977-98, and “period 2” is defined as 1999-2022). For
reference, two recent easterly wind episodes (15°-35°N) are numbered. The monthly and global mean NASA GISS
surface temperature index is the red line in (b). The three vertical yellow lines on the right side of (b) highlight the
initial condition (1 Jan 2013) and 3-7-yr (2015-19) forecast for a transition to a positive TPO by several different
climate models. In (a), the horizontal green lines at 30°N and 30°S mark the approximate location of the seasonal
vertically and zonally integrated jet stream. The climatology is 1977-2022 for AAM and 1951-80 for surface temper-

ature. At the top of (a), the plus and minus signs refer to the sign of the anomaly (STJ means subtropical jet).

and the IPO/IPV turns negative. This is discussed further in
section 7.

b. Global NCEP-NCAR Reanalysis-1 (R1 data)

Global fields from R1 data (Kalnay et al. 1996) were used to
determine the seasonal mean changes from P1 to P2 using the
standard seasons December-February (DJF), March-May
(MAM), June-August (JJA), and September-November
(SON).Here we focuson500-hPaheight, although climatology
differences for outgoing longwave radiation and 200-hPa
streamfunction were also produced. The P2 — P1 seasonal
mean 500-hPa height differences are shown in units of geopo-
tentialmeters.

c. Sea surface temperature

The NOAA Extended Reconstructed SST v5 dataset was ob-
tained online (https://downloads.psl.noaa.gov/Datasets/noaa.
ersst.vS/sst mnmean.nc). As with AAM and 500-hPa height,
the 1977-2022 climatology is removed to make anomalies.

Data are available monthly from January 1958 to December
2022.

3. Two interdecadal states: 1977-98 and 1999-2022

a. Global and zonal AAM

Gong et al. (2019) used the R1 data to study long term
trends in AAM and its torques during 1948-2016. They found

a negative trend in the total torque but a slight positive trend
in global AAM signifying an imbalance in the global budget.
An earlier study by Pack and Huang (2012) compared five dif-
ferent reanalyses and found very different trends in the data-
sets. For the longer Twentieth Century Reanalysis (Compo
et al. 2006, 2011) there appears to be a positive trend espe-
cially in the ERA-20C reanalysis (Veerman and Heerwaarden
2019), but overall, the trends in reanalysis data are not yet con-
sistent. By contrast, Pack and Huang (2012) find that interde-
cadal variations in global AAM are well reproduced in the
reanalysis datasets.

Figure 1 shows global and zonal AAM vertically integrated
through all available sigma layers of the assimilating model.
The global AAM time series exhibits little trend during 1968—
2019 despite the negative trend in the total torques (Gong et al.
2019). Early in the period from 1958 to 1967, the persistent
negative values in the tropics and positive values at 20°-30°S
result from the surface pressure assimilation error described in
the appendix. Strong evidence that these anomalies are spuri-
ous comes from the unrealistically low standard deviation of
zonal AAM in the tropics and Southern Hemisphere (SH)
subtropics before 1968.

AAM displays noticeably different behavior between the
two periods P1 and P2 that correspond to different phases of
the IPO. P1 has numerous episodes of strong midlatitude/
subtropical jet streams with tropical westerly anomalies that of-
ten extend poleward into lower midlatitudes at 35°N and 20°S.
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FIG. 2. A longitudinal average of the (a) east Pacific, (b) west Pacific SST anomalies as a func-
tion of latitude, and (c) west Pacific minus east Pacific SST (°C) for 1958-2021. The total SST is
shown by the black contours: 28° and 28.5°C for (a) and 29° and 29.5°C for (b). El Nifio (red
shading) and La Nifia (blue) episodes are prominent features in the east Pacific sector [(a)],
whereas global warming is more evident in the western sector. The red line on (c) is the
1958-2022 trend in SST gradient. The climatology is 1977-2022.

Two episodes of poleward propagation are especially promi-
nent during the 1982/83 and 1997/98 El Niiios. Poleward prop-
agation of AAM on interannual time scales has been studied
for many years (Dickey et al. 1992; Black et al. 1996) and skill-
ful model predictions of the zonal wind out to about a year
may be feasible (Scaife et al. 2022). P2, on the other hand,
has mainly episodes of weakened subtropical jets that are
anchored by negative—positive-negative zonal mean zonal
wind anomalies between 40°N and 40°S that recur nearly ev-
ery year during P2. Last, a trend toward stronger westerly
flow is seen in Fig. 1a along about 60°S that likely is a mani-
festation of downward coupling from the ozone hole dur-
ing DJF (Orr et al. 2021). These patterns occur often
enough that they project onto the P2 climatology.

Also highlighted in Fig. 1b (yellow lines) are the initial con-
dition and 3-5-yr verification target for climate model predic-
tions of the IPO made by Henley et al. (2017), Meehl et al.
(2016b) and Thoma et al. (2015). The 2015-19 period has a
weak positive global AAM anomaly, and SSTA have a weaker
gradient because of the 2015/16 El Nifio. These are consistent
with a return to the positive phase of the IPO, and as a result
model predictions verified at the 3-5-yr range (Meehl et al.
2022). However, the anomaly pattern of weak subtropical jets
continued and recent developments in Pacific Ocean SSTs fol-
lowing the 2015/16 El Nifio leave the prediction of IPO posi-
tive phase beyond 5 years in doubt.

The red curve in Fig. 1b is the global mean surface temper-
ature anomaly. At first glance it appears to rise steadily
through the record, but closer scrutiny reveals accelerated
warming during P1 and a hiatus during most of P2. Moreover,
each El Nifio event produces a jump in temperature and global
AAM anomalies as seen in Fig. 1b. After 1997/98, the temper-
ature increase was maintained as part of the warming hiatus
(Trenberth et al. 2014; Hu and Fedorov 2017). Likewise, the
jump to 1°C after the 2015/16 El Nifio appears to be main-
tained through 2022. Next, we show that SSTs in the western
Pacific warm pool track the global temperature curve closely
and also warm significantly after the 2015/16 El Nifio (see also
Kosaka and Xie 2013).

b. Tropical Pacific sea surface temperature

Henley et al. (2015) found that the SST gradient across the
tropical Pacific Ocean is enhanced during a negative IPO and
weakened during the positive phase. The result was obtained
using bandpass filtered data so global warming was removed.
Figure 2 compares the east (Fig. 2a) and west (Fig. 2b) Pacific
Ocean SST anomalies and their west—east difference (Fig. 2¢)
as a function of latitude. A 3-month running mean is applied
to monthly data and the results are only weakly dependent on
the longitude or latitude definition of west and east Pacific
Ocean.

The shading in Figs. 2a and 2b illustrates a positive tempera-
ture trend in each region although the east Pacific trend is
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TABLE 1. Southern Hemisphere (SH) and Northern Hemisphere
(NH) latitude limits of the 29°C isotherm.

SH NH
P1 (1977-98) 1.5°S 4.0°N
P2 (1999-2022) 45°S 11.0°N
2016-22 55°S 16.5°N

partly masked by ENSO variability. If the data are averaged
over 20°N-20°S the west Pacific has a trend of 0.14°C decade "
and the east Pacific has a trend of 0.07°C decade™'. The west
warms twice as fast as the east much as expected from the
ocean thermostat-type hypothesis (Clement et al. 1996; Sun
and Liu 1996). Heede and Fedorov (2023) propose this can
reconcile the “slow” ensemble mean CMIP model response to
greenhouse gases, and so on, and a fast ocean thermostat re-
sponse in the observed climate and some climate models.

When the east Pacific is subtracted from the west Pacific as in
Fig. 2c, the mean SST difference is —0.25°C during P1 and
+0.22°C during P2. Part of the difference is due to the remaining
trend in the SST gradient, which is the red line in Fig. 2c. It contrib-
utes about 0.2°C of the P2-P1 difference of 0.47. This is a crude
measure of internal versus forced variability during 1977-2022.

Figures 2a and 2b also show total SST contours filtered with
a 13-month running mean to remove the annual cycle. SSTs
greater than 28°C (Fig. 2a) and 29°C (Fig. 2b) are shown. Be-
cause the ocean is warming, Leung et al. (2022) found the SST
isotherm that supports large (>300 mm) monthly rainfall totals
rose from 28.1°C in 1979 to 28.7°C in 2020. Thus, 29°C still pro-
vides a good estimate of regions that are likely to experience in-
tense tropical convection. A substantial poleward expansion of
the 29°C isotherm is seen in the west Pacific (Fig. 2b) and a
slight strengthening of 28°C isotherm in the east Pacific
(Fig. 2a). There are large interannual variations of latitude
on the order of 7° superimposed on the poleward trend
(Fig. 2b), especially during the last 10 years. Many of the
poleward surges come with El Nifio events.

120°E
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Table 1 shows the latitude range covered by the 29°C iso-
therm for P1, P2, and 2016-22. The P1 to P2 poleward move-
ment of 29°C water is 7° latitude or ~3° latitude decade . It is
more modest in the SH at ~1° latitude decade ™. If the most re-
cent 2016-22 average is used as the endpoint, 29°C now covers
22° of latitude from 5.5°S to 16.5°N versus 5.5° of latitude from
1.5°S to 4.0°N during P1. The Indian Ocean (40°-120°E) shows
a similar expansion of 28.5°C water into the NH (not shown).

The current IPWP would favor a continued strong Walker
circulation, northern Maritime Continent convection and
low AAM, namely, a negative IPO. On the other hand, the
Pacific SST gradient is near an all-time high at the end of
2022 and ENSO variability can produce large and rapid
changes in SSTs.

4. Period mean anomaly maps
a. Sea surface temperature

Figure 3 shows that the P2 — P1 pattern of SST is positive
over most of the globe including the IPWP (~40°-150°E).
The main exceptions are the cool anomalies in the SH around
60°S that are linked with strong negative frictional torques
(see Hartmann 2022) and those in the east Pacific Ocean that
are presumably linked with the ITPO’s negative phase. Large
positive differences in the tropical west Pacific extend toward
midlatitudes of the north and South Pacific Ocean (Roxy et al.
2019; Henley et al. 2015; Meehl et al. 2016a). During P1, the
29°C isotherm (not shown) is mostly east of New Guinea, and
it is cool in the region of climatological Indonesian convection
around 120°-140°E. This eastward expansion of the IPWP in
1976/77 (Miller et al. 1994) was hypothesized to have weak-
ened the Walker circulation and energized the jet stream
across the east Pacific and North America.

During P2, the centroid of the warm pool (29°C isotherm)
shifted to the northwest and increased in meridional extent,
as shown previously in Fig. 2. SST anomalies are now positive

120°W

60°E

120°E

-1.00 -0.75 -050 -0.25

180°
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120°W
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Fi1G. 3. The P2 — P1 difference in sea surface temperature (°C).

Unauthenticated | Downloaded 04/03/24 03:56 PM UTC



6602

JOURNAL OF CLIMATE

VOLUME 36

180°

120°W 60°W

g

60°E

120°E

180° 120°W 60°W

10 15 20

25 30 35 40

FIG. 4. The P2 — P1 difference in (a) outgoing longwave radiation and (b) 250-hPa vector wind
and isotach anomalies. The wind differences have the structure of a wave train emanating from sup-
pressed convection over the tropical central Pacific Ocean as seen in (a) (Trenberth et al. 2014).

in the region of strongest climatological convection around
the Maritime Continent.

b. Circulation and outgoing longwave radiation

Figure 4 shows the P2-P1 difference in 250-hPa wind and
OLR. The OLR differences show that negative anomalies
(enhanced convection) have shifted far to the west and north
from P1 to P2 and lie over the northern Indian Ocean along
10°N to past the Philippines consistent with a stronger
Walker circulation and the poleward expansion of 29°C water
into the NH. During P2, convection occurs west and north of
the normal monsoon favoring La Nifia and low AAM. Con-
versely, during P1 negative OLR anomalies are far to the
east around the equatorial date line favoring El Nifio and
high AAM.

Another notable signal is the large positive difference over the
northern polar regions. This reflects the positive temperature

signal that accompanies Arctic amplification (Cohen et al. 2020;
Gong et al. 2020). In the extratropics there are regional signals
that reflect well known climate anomalies such as the positive
OLR differences over the southwest United States that signal se-
vere drought (Cook et al. 2009). The regional signal across cen-
tral Asia also suggests drought conditions from eastern Asia west
toward the Himalayas in the last ~20 years (Barriopedro et al.
2012). As part of the shift of tropical convection northwestward
in P2, tropical Africa along 5°-20°N has seen wet conditions
(WMO 2020).

The 250-hPa level is an excellent proxy for the vertical inte-
gral of AAM (WS94). Figure 4b shows that the largest differ-
ences in the wind field occur from 160° to 90°W and extend
nearly pole to pole. The anomalies are only weakly zonally
symmetric, and the tropical Pacific differences are consistent
with a stronger Walker circulation during P2 and a weaker
Walker circulation during P1. The easterly wind differences
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FIG. 5. The P2 climatology minus the P1 climatology for (a) vertical and zonal integrals of
relative AAM and (b) global AAM (ordinate units X 1.0 X 10?*). The heavy lines on
(a) mark the location of the climatological “jet stream.” The stippling on (a) and (b) denotes lo-
cal points that pass the 95% two-sided significance test relative to a bootstrapped distribution of
differences. Of the 365 X 94 points, 15.3% are locally significant at the 95% level, which also
passes a global significance test at the 95% level (Livezey and Chen 1983).
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around 30°N and 25°S imply a southward-shifted jet stream
with low pressure extending into North America during P1
and a poleward-shifted jet stream with high pressure extending
into western North America during P2. The westerly differ-
ences at higher latitudes are stronger in the SH along 55°-60°S.

5. Difference in climatology
a. Atmospheric angular momentum

One issue to make explicit is how much the seasonal cli-
mate itself has changed between P1 and P2. Normally the cli-
matology is defined using 30-yr periods, but here we compare
two ~22-yr periods. The annual cycle of climate change can
be determined by averaging a variable of interest across each
day of the year for P1 and P2 separately and then taking the
difference. All annual harmonics are removed in this process.

Figure 5 illustrates the P2-P1 difference in global and zonal
AAM for all latitudes and all days of the year. Negative
(positive) values denote anomalous easterlies (westerlies).
The contour interval was chosen to be !4 of that used in
plots of 5-day averaged AAM (e.g., Fig. 7a). The stippling
denotes a 95% statistically significant local anomaly on each
panel based on a bootstrapped distribution when sampling
from 1968 to 2020. Of 365 X 94 points, 15.3% are locally sig-
nificant at the 95% level, which also passes a global signifi-
cance test at the 95% level (Livezey and Chen 1983).

In Fig. 5 there are two bands of significant negative AAM
anomalies over the subtropics of both hemispheres and

weaker positive anomalies in the tropics pretty much through-
out the year. These are the projection of the nearly yearly
easterly-westerly—easterly anomaly episodes seen in Fig. la
during P2 in comparison with P1. The band of positive (west-
erly) tropical AAM anomaly develops in boreal fall and moves
north with the monsoon during boreal summer. Significant sig-
nals are also seen in higher latitudes at 50°N and 50°S, espe-
cially during January—-March. The heavy contour in Fig. 5a is
the location of the seasonal maximum of total AAM, essentially
the mean jet stream. The location of anomalies of AAM sug-
gests that westerly flow is weakened south of the jet axis and in
some areas enhanced on the north side. This suggests that a
weakened and poleward-displaced jet is part of the new clima-
tology, especially in the winter hemisphere.

The global AAM differences (Fig. 5b) display a promi-
nent annual variation with maximum negative anomalies
during boreal summer. These align with AAM's seasonal cy-
cle, enhancing the July-August minimum during P2.

b. 500-hPa heights

A similar analysis documents the period differences in
seasonal mean 500-hPa height over the globe. Figure 6
shows the P2 — P1 patterns for the four standard seasons:
DIJF, MAM, JJA, and SON. All four figures are globally
significant at >>95% level, primarily but not exclusively,
due to local significance of positive anomalies throughout
tropical regions (e.g., Hafez and Almazroui 2014). Overall,
positive anomalies (higher heights) are apparent in all seasons
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FIG. 6. The P2 climatology minus the P1 climatology for 500-hPa
heights for (a) DJF, (b) MAM, (c) JJA, and (d) SON; P2 is 1999—
2021, and P1 is 1979-98. The stippling denotes points that are lo-
cally significant at the 95% level based on a two-sided bootstrapped
distribution of 21-yr mean differences. All four patterns are globally
significant at >=>>95% level.
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consistent with a warming trend over most of the planet from
P1 to P2. There are discontinuous zonal bands of positive anom-
alies in the subtropical to midlatitude regions of both hemi-
spheres. These illustrate regional anomalies that contribute to
the zonal and vertical negative AAM anomalies in the 10°-40°
latitude bands described in Fig. 5. Ridging over the southwest
United States through most of the year signals an ongoing
>20-yr drought. Anomalous anticyclones across central Asia
suggest drought consistent with precipitation observations
(Cook et al. 2009; Williams et al. 2020; Miyan 2014). There
is the suggestion of split flows over the eastern Pacific Ocean
sometimes extending over North America as the split broad-
ens or shifts.

The meridional height gradient implies strong westerlies along
55°-60°S during DJF and MAM associated with the only signifi-
cant negative height anomalies over the globe. They have a large
zonal average during DJF but are upstream of South America in
MAM. Downward dynamical coupling related to the ozone hole
is mostly responsible for these westerly zonal wind anomalies
and also for a portion of the implied easterly flow anomalies
around 20°S that extend to the surface (not shown).

In polar latitudes large positive anomalies extend from
Greenland to northeast Siberia during DJF; there is a hint
that these may develop over northern Russia during SON and
expand over the pole in DJF. The 21-yr mean 500-hPa height
anomaly differences exceed 40 GPM over the Arctic in DJF.
This is physically consistent with the Arctic warming much
faster than the rest of the planet.

6. Recent P2-like variations of the global circulation

In this section two examples of the P2 preferred pattern of
weakened subtropical jets are described. One was impacted by
a weak El Nifio with regular subseasonal activity and the
other by a moderate La Nifia with sporadic subseasonal ac-
tivity. Figure 7 shows zonal (Fig. 7a) and global (Fig. 7b)
AAM for both total and anomaly fields. MJOs 1-6 during
2019/20 are highlighted on Fig. 7b.

The first sign of the 2020 La Niiia in Fig. 7a is the appearance
of easterly zonal wind anomalies that persist and lead to persis-
tent negative global AAM anomalies. This occurs ~1 June 2020
when negative zonal wind anomalies start to cover the tropics
to subtropics and global AAM anomalies become negative.
MJOs 5-6 coincide with global AAM falling from its high bo-
real winter values and with the global monsoon’s seasonal
movement toward Asia.

Global AAM shows a regular MJO-related oscillation starting
in late 2019 and superimposed on positive time mean anomalies,
both of which are consistent with a weak El Nifio (see MELV2;
https://www.psl.noaa.gov/enso/mei/) focused in the central Pacific
Ocean. The individual MJOs zonal mean AAM anomalies
have distinctive poleward-propagation signals. After MJOs
2-4, the zonal mean westerlies shift into midlatitudes during bo-
real spring 2020.

The impact of this shift on the total jet stream is shown by
highlighting the 6.0 X 10** kg m* s ! contour in Fig. 7a. The
movement of positive AAM anomalies poleward acts to ex-
tend the NH jet into the boreal spring season with maxima
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Relative AAM 2019-2021, 5-day averages
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FIG. 7. The (a) zonal and (b) global relative AAM for 1 Jul 2019-30 Jun 2021. Contours in (a) and the black line in
(b) denote zonal and global relative AAM. The shading in (a) and blue line in (b) denote relative AAM anomalies.
Note the different scale on the left and right ordinates in (b); the black line values are ~5X as large as the blue line
values. The two black, solid arrows mark the poleward movement of positive AAM anomalies during 2019/20.
A long running La Nifia started abruptly in boreal spring 2020 as shown by the blue block arrows, signaling redevel-

opment of a poleward-shifted jet stream.

near or south of 30°N. The positive anomalies also link to an
extensive SH jet along 30°S during astral winter.

The La Nifia band of easterly zonal wind anomalies starts
~1 June 2020, initially covers the tropics—subtropics of both
hemispheres but then moves to around 30°N and 30°S as the
next batch of tropical westerlies associated with MJOs develop
during the 2020/21 boreal winter. In contrast with 2019/20, sub-
tropical easterly anomalies persist and strengthen during 2020/21
and the boreal winter jet is weaker and shifted poleward with
maxima north of 30°N. The climate is now in a full blown, mod-
erate La Nifia and MJO activity is sporadic although a strong
event occurs during February 2021.

The La Nifia was not unusually difficult to forecast. The Cli-
mate Prediction Center (https:/www.cpc.ncep.noaa.gov/products/
CDB/CDB_Archive_html/CDB_archive.shtml) first called a
La Nifia watch in June 2020 and went to an advisory in
August 2020. Ham et al. (2021) applied deep learning algo-
rithms and showed successful forecasts from June 2020 initial
conditions; the skill came from negative Pacific Ocean heat con-
tent anomalies moving eastward into the east-central Pacific
Ocean. Composites of transitions from El Nifio to La Nifia over
one year by Sharmila et al. (2023) show a similar signal in oce-
anic heat content.

To diagnose the role of convection and circulation anomalies
during April-June 2020 at the onset of the NH summer monsoon,
the MJO activity as measured by the Real-Time Multivariate
MJO (RMM) index (Wheeler and Hendon 2004) is used. The in-
dex describes the MJO but also captures episodes of short-term
persistence of OLR and circulation anomalies. Figure 8 depicts
three circuits in RMM phase space that line up with MJOs 4, 5,

and 6 in the global AAM curve (Fig. 7b). Overall, the 90 days
shows phase space trajectories spiraling into the western Indian
Ocean and circulation anomalies becoming more La Nifia-like.

MJO 4 traverses the circuit coherently and quickly with only
a 1-2 day pause over the Indian Ocean around 15 April. The
May 2020 MJO starts off over the Maritime Continent but then
shifts west back to the Indian Ocean in mid-May and stays for
about 10 days accompanied by strongly enhanced low-level
convergence over the northern Maritime Continent and trade
winds over the west-central Pacific Ocean. When MJO 5 re-
sumes propagating east it makes the circuit quickly and then
settles over the Indian Ocean for most of June 2020. The pref-
erence for Indian Ocean convection drives AAM lower con-
tributing to the fall seen during MJOs 5 and 6 on Fig. 7b.

We postulate this sequence produced the atmospheric
“weather noise” that gives the spring predictability barrier its
name. The Nifio-3.4 SST index turns negative in May 2020 but
then stays small until August-September 2020. Although the
possibility of a boost from cool SSTs generated by smoke from
the Australian fires (Fasullo et al. 2023) cannot be discounted,
the onset of La Nifla anomalies appears driven first by the
eastward movement of negative Pacific Ocean heat content
anomalies around March 2020 and then by anomalous convec-
tion anomalies over the Indian Ocean during the May-June
2020 onset of the Asian summer monsoon.

7. Discussion and conclusions

In the presence of external forcing and internal variabil-
ity, the climate has seen a northwestward shift of large-scale
tropical convection, a decrease in global AAM with weaker
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FIG. 8. The Real-Time Multivariate MJO index (Wheeler and Hendon 2004) for April-June
2020. The red line is April 2020, the green line is May 2020, and the blue line is June 2020.
The MJO generally makes a counterclockwise circuit in this phase space. The MJO numbers 4-6 are
the same as numbers 4-6 on Fig. 7b. Global AAM drops almost 2 sigma during this MJO sequence.

subtropical jets, a poleward expansion of the Indo-Pacific
warm pool (IPWP) and a strengthening of the Pacific Ocean
SST gradient. Table 2 summarizes specific differences in the
global ocean and atmosphere during P1 and P2.

Weller et al. (2016) investigated the role of human caused
greenhouse gas emissions on the expansion and increasing
heat content of the IPWP and found a dominant component
attributable to greenhouse gases and a secondary component
attributable to internal PDO variability. In this study, the total
P2 — P1 difference in SST anomaly between the west and east
Pacific Ocean is 0.47°C while the change contributed by the
1958-2022 trend is 0.2°C. This suggests about equal impact
during 19772022 from IPO/PDV internal variability and
greenhouse gas/aerosol forcing.

In terms of total SST, the 29°C isotherm expanded into the
NH at the rate of 2° latitude decade ™' with an average loca-
tion at 17.5°N during the last seven years (2016-22). This is
leading to enhanced convective activity from the Indian
Ocean to past the Philippines at atypical times of the year.

The largest impact may be during the boreal winter; DJF 2023
OLR anomalies (not shown) provide a good example. This re-
gional expansion is much greater than the 0.5° latitude decade !
found by Grise et al. (2019) who used a zonal mean surface
wind index to define the width of the tropics.

While climate models successfully predicted a transition to
IPO positive during 2015-19, the climate now appears stuck
in IPO negative, especially given the increase in SST observed
in the west Pacific after the strong 2015/16 and weak 2019/20
El Niiios (Fig. 2b). La Nifa developed in spring/summer 2020,
the start of an amplified, “La Nifia-like” P2 pattern that lasted
through the 2022/23 boreal winter. As convection shifts season-
ally between Southeast Asia and the southwest Pacific Ocean
(Meehl 1987), a La Niia-like residual is now more likely given
the meridional expansion and shift northwest by the center of
the IPWP and its connected circulation anomalies.

As part of the seasonal change in zonal AAM (Fig. 5)
and 500-hPa heights (Fig. 6), large and intense subtropical-
midlatitude anticyclones have dominated NH continental
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TABLE 2. Global climate characteristics of the circulation and ocean surface during period P1 and period P2.

Period P1: 1977-98

Period P2: 1999-2022

High AAM

Indo-Pacific Ocean warm pool expands east; smaller zonal SST
gradient

Positive phase of the interdecadal Pacific oscillation/Pacific
decadal oscillation/Pacific decadal variability

Equatorial/subtropical anomalous westerly wind flows
propagate into the extratropics and support combined
midlatitude jet streams, especially from the eastern Pacific
Ocean to the Americas

Strong full-latitude troughs “dig” into western North America
and provide plentiful winter-spring rainfall

Low AAM

Indo-Pacific Ocean warm pool retreats west; larger zonal SST
gradient

Negative phase of the IPO/PDO/PDV

Anomalous easterly wind flows dominate the global subtropics;
anomalous equatorial westerlies develop during northern
winter and are often “trapped” in the tropics

Strong and persistent subtropical-midlatitude ridges supportive
of megadroughts

Zonal mean positive zonal wind and negative SST anomalies
along 60°S

regions during P2 leading to severe droughts especially
across southwestern North America (Williams et al. 2020).
These ridges have also provided ideal atmospheric conditions
for the recent intense wildfire seasons across the western
United States as well as other parts of the globe. It is the same
ridges, amplified by Rossby wave dispersion linked to subsea-
sonal tropical convective anomalies over the eastern end of
the IPWP that have contributed to Arctic amplification since
the late 1990s (Gong et al. 2020).

As addressed in considerable detail in IPCC AR6 (IPCC
2021, p. 989), large uncertainty exists of anthropogenic green-
house gas and aerosol emissions to the future of the planet in-
cluding whether La Nifia— or El Nifio-like states will dominate
the response. The current overall assessment has “medium
confidence that equilibrium warming in response to elevated
CO, will be characterized by a weakening of the east—-west
tropical Pacific SST gradient.” This does not preclude the
possibility of a transient response to greenhouse gases that
involves the strengthened SST gradient and expanded
IPWP observed during P2 (Heede and Fedorov 2023; Heede
et al. 2021).

The other prominent long-term climate feature that shows
up in P2-P1 is the negative SST anomaly along 60°S (Fig. 3). It
coincides with a negative frictional torque anomaly, especially
during DJF, that is linked with deep westerly wind anomalies.
These westerlies have been traced to the ozone hole whose
zonal mean dynamics was investigated in reanalysis datasets
by Orr et al. (2021). Hartmann (2022) even suggests a connec-
tion between the ozone hole and the negative SST anomalies
in the eastern tropical Pacific Ocean as an alternative to the
ocean thermostat hypothesis.

In the SH zonal AAM budget, the negative frictional
torque anomaly centered at 60°S is approximately balanced by
positive torque anomalies north of 40°S; this includes a
positive mountain torque along 10°-30°S that comes pri-
marily from the Andes (Fig. Ala). The torques in the two
regions are linked by poleward AAM transports produced
by ozone hole dynamics that “saturates” in the early 1990s
and the transition to a negative IPO/IPV that occurs abruptly

during 1998. Saturates refers to the area of the ozone hole; it
climbs rapidly to a maximum from 1979 to 1992, peaks in
the early 1990s, and then decreases very slowly thereafter
(https://www.eea.europa.eu/en/topics/in-depth/climate-change-
mitigation-reducing-emissions/current-state-of-the-ozone-layer).
The 60°S friction torque (not shown) also becomes persis-
tent in the early 1990s, that is, when the ozone hole satu-
rates. The positive mountain torque anomalies (Fig. Ala)
start to develop in the early 1990s and become persistent in
1998, consistent with a role for both the ozone hole and the
transition to P2 or negative IPO.

A positive mountain torque anomaly implies a negative
surface pressure anomaly on the west side of the Andes
giving enhanced southerly flow west of the mountains and
conversely a positive surface pressure anomaly on the east
side of the Andes giving enhanced northerly flow east of
the mountains. Given the steep terrain from 10° to 30°S,
anomalous southerly winds could extend west over the ad-
jacent east Pacific Ocean. In concert with an enhanced
Walker circulation and easterly wind anomalies over the
tropical Pacific during P2, this provides an additional mech-
anism for upwelling and advection of negative SST anoma-
lies toward the equatorial east Pacific. It is unclear how
well climate models capture the observed mountain torque
during 1977-2022 and its related circulation anomalies.
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APPENDIX

Spurious Negative Global AAM Anomaly 1958-67

This error note was obtained online (https:/psl.noaa.gov/data/
reanalysis/problems.shtml):

ZONAL MOUNTAIN TORQUE ANOM, 3
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¢ “Problem ingesting the surface and mean sea level pressure
data affecting the period 1948-67.

¢ A problem has been uncovered with the encoding of surface
and mean sea level pressure that affect the period 1948-67.
The problem originated in the erroneous conversion of a por-
tion of the TD13 dataset into the bufr ADPSFC type messages.
Details about the effects of the problem are available here.”

Unfortunately, the link (http://wwwt.emc.ncep.noaa.gov/gmb/
bkistler/psfc/pstc.html) that provides more detail, embedded in
“here,” is broken.

Here is an example: a 987-hPa surface pressure observation
would be erroneously encoded as 1087 hPa. These data would
be rejected in the assimilation cycle but then require the 6-h
model forecast to come up with the pressure. The model accom-
plishes this by “predicting” a surface pressure that produces large
negative global mountain torques especially along 35°N in the bo-
real summer. This forces global AAM lower, a state the model
apparently prefers when not constrained by observations. We
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FIG. Al. (a) Zonal and (b) global mountain torque anomalies from the NCEP-NCAR reanalysis, 1958-2021; a
3-month running mean is applied in (a), and monthly data are shown in (b). The red line marks January 1968.
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speculate that pressure data during the monsoon over India and
around the Tibetan Plateau were especially impacted.

Figure A1 shows the global and zonal mountain torque for
the period 1958-2020 from R1. The annual minima in the
mountain torque curve seen in Fig. Alb before 1968 occur
during boreal summer. From 1958 through 1967 there are
large, seasonal oscillations that have negative values in the
boreal summer. Their cause can be traced to surface pres-
sure observations that are less than 1000 hPa being left out of
the assimilation cycle (Inoue and Matsumoto 2004; Kistler et al.
2001). This introduced a “model preferred” spurious mountain
torque that found its way into global AAM. The Himalaya
region was particularly influenced by the uncorrected model
forecasts. The large unrealistic seasonal cycle has a global
mean that is negative, which means the spurious mountain
torque forces negative global AAM anomalies. This period
was in fact accompanied by unusually persistent upper-level
tropical easterlies and SH subtropical westerlies, probably
produced by meridional AAM transports linked to the moun-
tain torque. The net effect was to lower global AAM. This
problem goes back to 1948 in R1; any trend analysis on
AAM using the 1948-67 period should be considered suspect.
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