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Kohyama, T., D. L. Hartmann, and D. S. Battisti (2017), La Nifa-like mean-state response to global warming
and potential oceanic roles, J. Climate, 30, 4207-4225.
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1. KARTHRSEEDEETH DI EZERT %o
(f1) The tropical Pacific Ocean has profound impacts on the global climate system, and the response of
this region to anthropogenic greenhouse gas forcing has been a controversial research topic since the late
twentieth century (e.g., Knutson and Manabe 1995; Cane et al. 1997; Collins et al. 2005; DiNezio et al.
2009; Collins et al. 2010; Xie et al. 2010).

2. FARTHRSFBEEICODVWTCOFREAHAZREICSZ S0
(1) In this study, we hereafter call a warming pattern “El Nino-like” (“La Nina-like”) when the east
(west) equatorial Pacific warms faster than the west (east) equatorial Pacific. Many studies intentionally
avoid these terms, which are associated with El Nino-Southern Oscillation (ENSO), because “a reduction
in the strength of the equatorial Pacific trade winds is not necessarily accompanied by a reduction in the
magnitude of the east-west gradient of SST” as explained by Collins et al. (2010, p. 393).

3. 1. 2. LALZEE, SDERGBHNBABTEDRY, LTHREBNI 5.
(#1) The majority of the models that participated in phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP3 and CMIP5) exhibit El Nino-like SST trends, and therefore, the multimodel mean SST
trend pattern is also El Nino-like (e.g., Collins et al. 2010; Huang and Ying 2015; Ying et al. 2016; Zheng
et al. 2016).

4. BITARBZIWRHARIZI 2 =27« LK T IRRBBO—MNLBHERZIEH/T 5,
(#) Although we have better datasets based on satellite observations for the late historical period (1979-
2005) that also show a clear La Nina-ike trend, we cannot determine, based on the short time span, whether
the trend is purely unforced natural multidecadal variability or partly a forced response to anthropogenic
climate change.

5. AMEDORFZHIEWERN D,
(1) The scientific question we address in this paper is whether a reasonable explanation can be given to
support the notion that the forced response of the mean-state equatorial Pacific to greenhouse warming
may actually be La Nina-like.

6. AAERDERPHRMEZLRNRD,
(f51) In this study, our main focus is to compare the M and G models, and also the HadGEM2-CC model
(hereafter “Had model”), which exhibits similar SST trends to the multimodel mean El Nifio-like pattern,
to shed light on the possibility of a La Nina-like mean-state warming.

7. This article is organized as follows. hSIEDEET, EILCOLEKREFAT 3,

(§) This article is organized as follows. The data used in this study are described in the next section.

*1 2k : Hilary Glasman-Deal, Scientific Research Writing For Non-Native Speakers of English, Imperial College Press.



In section 3, we describe the time evolution of the zonal SST gradient simulated by the three models and
associated atmospheric changes to confirm the importance of the differences. Then, in section 4, we show
a difference in the capability of the models to simulate a fundamental observed constraint between the zonal
SST gradient and the ENSO amplitude in relation to the ENSO nonlinearity. Moreover, by comparing the
control, historical, and global warming experiments, we show that the La Nina-like response of the M model
is very likely to be forced by global warming. In section 5, we discuss some possible mechanisms whereby
the different SST warming responses might be caused by differences of climatology and warming responses

in the oceanic interior. A summary and concluding remarks are given in section 6.
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Kohyama, T., and T. Tozuka (2016), Seasonal variability of the relationship between SST and OLR in the
Indian Ocean and its implications for initialization in a CGCM with SST nudging, J. Oceanogr., 72, 327-337.
doi: 10.1007/s10872-015-0329-x
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(#1) The SST data is from the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpo-
lation SST (OISST) V2 monthly data edited by Reynolds et al. (2002). The horizontal resolution is 1° in both
zonal and meridional directions. The NOAA-interpolated OLR data (Liebmann and Smith 1996) is adopted
as an indicator for the strength of atmospheric convection. (9l%) Zonal wind data at 850 hPa is from the
National Centers for Environmental Prediction (NCEP)—National Center for Atmospheric Research (NCAR)
reanalysis project (Kalnay et al. 1996). The horizontal resolution of the OLR and wind data is 2.5° in both
zonal and meridional directions. Upper ocean potential temperature data is from an assimilation dataset of the
Global Ocean Data Assimilation System (GODAS; Behringer and Xue 2004). The horizontal resolution is 1°

in the zonal direction and 1/3° in the meridional direction. The above datasets are interpolated to the same

resolution as the SST data, when necessary, and data coverage is from 1982 through 2010.
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(f51) All of the results shown in this study rely upon linear analyses performed on SST, OLR, zonal wind, and
upper ocean (i.e., 300 m) heat content anomalies calculated by removing the monthly climatology and linear
trends from the original data. Here, the monthly climatology is calculated as an average over the years for each
calendar month. The statistical significance of correlations is tested using a two-tailed Student’ s t test. To
estimate statistical degrees of freedom in a time series with auto-correlations, we have calculated the effective

sample size using the formula given by Bretherton et al. (1999):
N*=N(1 — ryry) /(1 +1rmy). (2.1)

Here, N and N* are original and effective sample sizes, respectively, and r, and r, are lag-one auto-correlations

of each time series. To estimate the 95 % range of true correlations, we use the Fisher’ s z transformation:
r = tanh(z), (2.2)

where 7 is a correlation coefficient and z follows a standard normal distribution.

2.5 Results Z&<
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Kohyama, T., T. Suematsu, H. Miura, and D. Takasuka (2021), A Wall-like Sharp Downward Branch of the
Walker Circulation above the Western Indian Ocean, J. Geophys. Res., submitted.
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(#1) In this section, we first overview the seasonality of the Wall and the consistency with the local rainy seasons.
Then, from the energetic viewpoint, we show that the strongest phase of the Wall is supported by horizontal

cold advection associated with the Asian Summer Monsoon.
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(1) The Wall exhibits two-peak seasonal variability in its strength of the subsidence. The left panels of Fig. 3
shows the monthly climatological-mean equatorial vertical motion averaged over the base period of 1979-2017.
The Wall exhibits moderate subsidence from January through March, almost disappears from April through
May, reaches its strongest phase from June through September, and becomes weak from October through

December.
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(1) The phase of this two-peak seasonality corresponds well to the annual precipitation cycle of the Eastern
Horn of Africa, where two rainy seasons are known to exist. In this region, the term “Long Rains” denotes the
longest and wettest rainy season that lasts from March through May, and the term “Short Rains” denotes the
shorter and drier rainy season that peaks in October. Presumably, the lack of this seasonality in state-of-the-art

GCMs Tierney et al. (2015) is inseparable from the reproducibility of the seasonal variability of the Wall.
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2.6 Conclusions Z& <
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(#51) We have reconsidered the climatology and the interannual variability of the Walker circulation by focusing



on its sharp downward branch, which we refer to as the Wall, observed at the western edge of the Indian Ocean
(Figs. 1 and 2). A distinctive feature of the Wall is the two-peak seasonality (Fig. 3). The two weak phases
of the Wall, one in boreal spring and the other in boreal fall, correspond well to the two rainy seasons at the
Eastern Horn of Africa, which is not reproduced well by state-of-the-art GCMs. Another distinctive feature is
that the subsidence of the Wall in its strongest phase reaches the surface (Fig. 1a). This “subsidence extension”
appears to be sustained by horizontal cold advection associated with the Asian Summer Monsoon (Figs. 3
and 4). The interannual variability of the Walker circulation is in no doubt associated with ENSO, but more

variance is explained by SSTs in western equatorial Indian Ocean and over the maritime continent (Fig. 5).
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(1) Next, we investigate the trends of the Walker circulation.

HAFT (~2 M) £ EETOROBAE, BHESE TBSENTT, DOBEBE MR B> TLEOE T,
Co L RIBTT,

(#) We have also used the RCP concentration calculations and data (Meinshausen et al. 2011).
FTHRTPSRTVRZ LT, BEREZACET,

(#51) Some earlier studies at the end of the last century showed that the global warming trend should be associated
with a La Nina-like SST trend because of a so-called ocean dynamical thermostat mechanism (Clement et al.
1996; Cane et al. 1997).
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X We calculated monthly climatologies by taking the average for each month over the entire record.
A We calculate monthly climatologies by taking the average for each month over the entire record.

O Monthly climatologies are calculated by taking the average for each month over the entire record.
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X It is shown in the top panel of Fig. 6 that the two indices exhibit a remarkably high correlation of >0.8
without any detectable lags during the satellite era.

O The two indices exhibit a remarkably high correlation of >0.8 without any detectable lags during the satellite
era (Fig. 6, top panels).

33 Rz "KRh, 9%

BIETRRDOLTEVAENZ, KROLT, @XIZ7AV T AR >TVEET, ROR=U9 5, BEVPREY DMLz EH
WEBCER SR E, 228 ) REL»2IIELET, ZEICLTIEI Y,

12



X-16 KOHYAMA AND WALLACE: L2 LOWER ATMOS TIDE IN GRIDDED DATA
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Figure 1. Upper panels: Amplitude of the lunar semidiurnal tide L2 estimated by regressing Z
at the 1000 hPa level onto the cosine (A; left panel) and sine (B ; right panel) time series with half
synodic period. The meteorological noises were cancelled by subtracting four regression maps
obtained from different synoptic time in the manner of (00UTC - 06UTC + 12UTC - 18UTC)/4.
Units m, contour interval 0.1 m. Lower panels show the corresponding correlation coefficients,

noise-cancelled in the same manner; contour interval 0.001.
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Figure 1. Upper panels: Amplitude of the lunar semidiurgal tide L2 estimated by regressing Z
at the 1000 hPa level onto the cosiné\(A; left panel) and sijie (B; right panel) time series with half
synodic period. The meteorological npises were cancefled by subtracting four regression maps
obtained from different synoptic time in §he manner ¢f (00UTC - 06UTC + 12UTC - 18UTC)/4.
Units m, contour interval 0.1 m. Lower panels shpw the corresponding correlation coefficients,

noise-cancelled in the same manner; contour \intgrval 0.001.
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Amplitude of the lunar semidiurnal tide L2(Z) estimated by regressing Z at the

1000 hPa level onto the cosine (A; top panel) and sine (B; bottom panel) time series with a

period of a half lunar synodic cycle (14.765294 days). The “weather noise” noise is suppressed

by differencing the regression maps for the four daily analysis times using the relation (00UTC

— 06UTC + 12UTC — 18UTC)/4. Units m, contour interval 0.1 m. Zero contours are omitted,

and positive (negative) local maxima are shaded red/orange (blue).{%:23/5, <A 7034 Lo &
W FLiED, Bl

cMZEFEZRT-BRTREMED S LI ITT B,

PEFY T a Y ETRHAT, ALZHERITH
i T2 L7z Dhd i &S RZEHITI)IRIT5EHE
55 L9129 %,

DRAFT

B

Pol=DT, ZmE L LTred/

orange & Zit (%),
(THEDOWIFEE M

TARTE.LL?2K)

November 5, 2014, 4:50pm D

My, 5D
RANZRROTEEB>TE->T

RAFT

LHiRO



KOHYAMA AND WALLACE: L2 LOWER ATMOS TIDE IN GRIDDED DATA X-17
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Figure 2. Amplitude of the L2 tidal signal, defined as VA2 + B2. Upper panel at the 1 hPa
level, lower panel at the 1000 hPa level. Units m; contour interval 1.5 m upper, 0.1 m lower.
The line plots show the zonally averaged amplitude for the annual mean indicated by the black

curves, the D season (November through February) indicated by the green curves and the J

season (May through August) indicated by the red curves.
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Figure 2. Amplitudd of/the L2 tidal signal, defined as VA2 + B2. Upper panel at the 1 hPa
level, lower panel at the/1000 hPa level. Units m; contour interval 1.5 m upper, 0.1 m lower.
The line plots show zonally averaged amplitude for the annual mean indicated by the black
curves, the D seasqyf (November through February) indicated by the green curves and the J
season (May through August) indicated by the red curves.
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Figure 2. Amplitude of the L2 tidal signal, defined as \/ A2 4+ B2. Upper panel: 1 hPa (50 km)
level, contour interval 1.5 m, 1.5 m contours are omitted. Middle panel: 1000 hPa (surface) level,
contour interval 0.1 m, 0.1 m contours are omitted. The line plots to the right of these panels
show zonal mean amplitudes: annual mean (black curves); the J season (May through August,
magenta curves), and the D season (November through February, cyan curves). Bottom panel:
Global distribution of the M2 constituent of the lunar oceanic tidal amplitude in sea level based

on TPXOS tidal data as described in Section 2.1.7 of Stammer et al. [2014]; graphic courtesy of

Stephen Griffiths, University of Leeds. * M2 4 1E, ANICH 5 5TTH AdLs,
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X-18 KOHYAMA AND WALLACE: L2 LOWER ATMOS TIDE IN GRIDDED DATA

3[aJH T,
EZ ZMikellHRMINZTL X I ?

10<n 20 40 60 80 100 48 100-1.80 =120 —60 120 180 48
1 ~ &1 -
:%, 10 32 é 3 10 32 §,
@ - 5
3 o 2 2
g 107 16T 810° 16 T
[« ey

10° 0 10° 0

0 2 4 6 8 10 —45 30 -15 0 15 30 45
Amplitude (m) Phase lag (minutes)

Figure 3. Left panel: Vertical profile of the amplitude of L2 (black) and S2 (gray) tidal signal
in Z. The amplitude of L2 is defined as in Fig. 3 but the area-weighted mean for the tropics
(30°S to 30°N) at each pressure level (altitude) in units of m. The amplitude of S2 is defined
in the supplementary material. Right panel: Phase lag of L2 (S2) tidal signals relative to local
mean lunar (solar) time, as defined in the text (supplementary material), in units of lunar (solar)
minutes. Axis for S2 is shown in the upper part of the panels. S2 in the ECMWF operational

analyses has been documented by Hsu and Hoskins [1989], Ray and Ponte [2003], etc.
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Figure 3. Left panel: Vertical profile of the amplitude of L2 (black) and S2 (gray) tidal signal
in Z. The amplitude of L2 is defined as in Fig. 3 but the area-weighted mean for the tropics
(30°S to 30°N) at each pressure level (altitude) in units of m. The amplitude of S2 is defined
in the supplementary material. Right panel: Phase lag of L2 (S2) tidal signals relative to local
mean lunar (solar) time, as defined in the text (supplementary material), in units of lunar (solar)
minutes. Axis for S2 is shown in the upper part of the panels. S2 in the ECMWF operational

analyses has been documented by Hsu and Hoskins [1989], Ray and Ponte [2003], etc.
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Figure 3. Left panel: Vertical profile of the amplitude of the L2 (black) and S2 (gray) tidal
signal in Z. The amplitude of L2 is defined as in Fig. 2 and area-average over the tropics (30°S
to 30°N) at each pressure level (altitude) and expressed in units of m. Right panel: Phase lag
of L2 (52) tidal signals relative to local mean lunar (solar) time, as defined in the text, in units
of lunar (solar) minutes. S2 in the ECMWF operational analyses has been documented by Hsu
and Hoskins [1989] and Ray and Ponte [2003]. The amplitude and the phase of S2 is estimated

by extracting the zonal wavenumber 2 component only.
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Figure 4. Upper panel: Asin Fig. 1 but for the barotropic component of Z (bZ). Only noise-

cancelled regression maps onto cosine time series are shown. Lower panel: 52 tidal amplitude
calculated by subtracting climatology of bZ for four different synoptic time in the manner of

(00UTC - 06UTC + 12UTC - 18UTC)/4. Units m; contour interval 2 m.
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Pigure 4. Upper panel: As in Fig. 1 but for the barotropic component of Z (bZ). Only nois®

cancelled regression maps onto cosine time series are shown. Lower panel: 52 tidal amplitude
calculated by subtracting climatology of bZ for four different synoptic time in the manner of
(00UTC - 06UTC + 12UTC - 18UTC)/4. Units m; contour interval 2 m.
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Figure 5. Left panels: The monthly time series of L2 amplitude at 1 hPa (upper panel) and
in bZ (lower panel) calculated by binning the data for each month, producing noise-cancelled
regression maps as in Fig. 1 but for the monthly-binned data, and regressing out the zonal
wavenumber 2 component of area weighted average from 30°S through 30°N. Right panels: As

in left panels but for S2. Monthly noise-cancelled maps were obtained as in Fig. 4 but for

monthly-binned data.
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Figure 5. Left panels: The monthly time series of L2 amplitude at 1 hPa (upper panel) and
in bZ (lower panel) calculated by binning the data for each month, producing noise-cancelled
regression maps as in Fig. 1 but for the monthly-binned data, and regressing out the zonal
wavenumber 2 component of area weighted average from 30°S through 30°N. Right panels: As

in left panels but for S2. Monthly noise-cancelled maps were obtained as in Fig. 4 but for

monthly-binned data.
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Figure 4. Left panels: Monthly time series of L2 amplitude at 1 hPa (upper panel) and in bZ

(lower panel) calculated by binning the data by individual months of individual years, performing

the same analysis as for Fig. 1, and extracting zonal wavenumber 2 component of the meridional

mean in 30°S to 30°N by harmonic analysis. Right panels: As in the left panels but for S2.
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