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Atmospheric modes fiddling the simulated ENSO impact on
tropical cyclone genesis over the Northwest Pacific
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The El Nifio-Southern Oscillation (ENSO) is crucial to the interannual variability of tropical cyclone (TC) genesis over the western
North Pacific (WNP). However, most state-of-the-art climate models exhibit a consistent pattern of uncertainty in the simulated TC
genesis frequency (TCGF) over the WNP in ENSO phases. Here, we analyze large ensemble simulations of TC-resolved climate
models to identify the source of this uncertainty. Results show that large uncertainty appears in the South China Sea and east of the
Philippines, primarily arising from two distinct atmospheric modes: the Matsuno-Gill-mode (MG-mode) and the Pacific-Japan-like
pattern (PJ-mode). These two modes are closely associated with anomalous diabatic heating linked to tropical precipitation bias in
model simulations. By conditionally constraining either of the modes, we can significantly reduce model uncertainty in simulating
the dipole structure of the TCGF anomalies, confirming that it is the atmospheric circulation bias in response to tropical
precipitation bias that causes uncertainty in the simulated WNP TCGF.
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INTRODUCTION

Tropical cyclones (TCs) that form over the western North Pacific
(WNP) constitute approximately one-third of global annual TC
genesis frequency (TCGF)!, and are known to have a tremendous
impact on the coastal countries of Southeast and East Asia.
Identifying factors that affect TC variability on various timescales is
essential to improving the simulation and prediction skills, and
thus minimizing loss of life and property?>.

The EI Nifio-Southern Oscillation (ENSO)?, a dominant tropical
climate mode>, plays a crucial role in regulating the interannual
variability of TC activities worldwide, including their intensity®,
genesis locations, and dominant tracks>’®. Over the WNP,
during the developing phase of El Nifio, TCGF tends to increase
over the southeastern quadrant of the WNP (SE_WNP) but
decrease over the northwestern quadrant of the WNP
(NW_WNP), causing a see-saw variation in TCGF over the
WNP>. Conversely, in La Nifa events, more TCs form over the
NW_WNP, facilitating landfall and posing a greater risk to coastal
populations in Southeast Asia. The capability of climate models
to accurately simulate this see-saw structure is crucial for
predicting and projecting future changes in TCGF®'°, However,
few studies have focused on or discussed the uncertainty of
TCGF simulations during the warm and cold ENSO phases in a
specific region®'",

Numerous previous studies have indicated that uncertainty of
climate simulations mainly comes from scenario uncertainty,
model uncertainty, and internal variability®'%'%3, Scenario
uncertainty results from the different radiative forcing'>'%'3,
which can cause changes in the mean state (e.g., El Nifio- or La
Nifa-like SST warming pattern) and consequently influence the
TCGF'5-21, Model uncertainty arises from the model dynamical
core, physics, and resolution that affect the internal variability

intrinsic to the climate system'3. The internal uncertainty stems
from internal natural variabilities, such as interdecadal Pacific
Oscillation'*?272* and Atlantic Multidecadal Oscillation®>2%,
These internal variabilities are treated as the ocean dynamical
processes and often believed to be the origins of uncertainty in
climate simulations. In coupled ocean-atmospheric models,
uncertainties may originate from both oceanic and atmospheric
processes, which is hard to be considered separately. Our recent
study'' has shown that large biases exist in the simulated TCGF
over the western part of the WNP in most climate models. Both
interannual and interdecadal variabilities could not be reason-
ably captured even the atmospheric models are forced by
observational SSTs, indicating that the uncertainty could result
from the internal atmospheric processes. However, the uncer-
tainty caused by the internal atmospheric processes on
interannual timescale has not been identified or quantified. This
becomes a barrier to improving the reliability of both seasonal
prediction and climate projection of TC activities in the WNP by
climate models.

In this study, we first evaluate the atmosphere-induced
uncertainty of the simulated TCGF over the WNP in response to
ENSO by state-of-the-art climate models forced by observed SST.
We then identify the distinct atmospheric modes that are
responsible for this uncertainty by conducting regression analysis
using a large number of ensemble simulations. We further present
results from ensemble simulations by constraining the identified
key atmospheric modes responsible for the uncertainty to confirm
that it is the atmospheric modes that contribute to the uncertainty
of the simulated TCGF over the WNP in response to ENSO events.
Finally, we explore the origin of the atmospheric modes
contributing to the uncertainty in model simulations.
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TCGFs averaged from 1951 to 2010; b correlation coefficients (shaded) between the observed and ERA5 TCGFs over each grid box for
1951-2010 period, and the composite difference in the observed TCGF (contours) between 12 El Nifio and 12 La Nifa events; ¢ same as (b) but
for correlation between the observed and ensemble mean TCGFs (shaded), and composite difference in ensemble mean of 100 members
(contours); d—-f same as (c) but for TCGF (d) only from one MRI member (member-1), e from the 20-km MRI run, f from 5-member averaged
ECMWEF runs; g the standard deviation calculated from the spreads of TCGF differences between the warm and cold ENSO events across 100
ensemble members relative to ensemble mean (shaded); h the first EOF mode of TCGF differences between the warm and cold ENSO events
with the 100 members treated as the time dimension; and i as in (h) but for the second EOF mode. The shades (dots) represent area above
90% confidence level based on two-tailed Student’s t test in (b-f) for correlation (composite) map; the purple boxes in (c) represent respective
NW_WNP (15°N-30°N, 105°E-140°E) and SE_WNP (EQ-15°N, 140°E-180°) regions; in (h) the purple box marked with “Box-1" represents the
dominant region of TCGF simulation uncertainty (10°N-22°N, 105°E-140°E) while the “Box-2" in (i) represents the second region of simulation

uncertainty (12°N-25°N, 130°E-160°E).

RESULTS
Uncertainty in the simulated TCGF over the WNP

We first compare in Fig. 1a the climatological mean TCGFs
between the multi-member ensemble mean from the Meteor-
ological Research Institute (MRI) of Japan and observations
averaged from June to November (JJASON) during 1951-2010.
Note that we selected the MRI model because it contains very
large ensemble members with permitted resolutions to derive the
intermember uncertainty while other models have either the
limited ensemble members or relatively coarse resolutions. The
spatial distributions in both the observed and simulated TCGFs
display high consistency, with high TCGFs centered east of the
Philippines (Fig. 1a), suggesting that the state-of-the-art climate
models can proficiently simulate the climatological distribution of
TCGF over the WNP. The difference in the observed TCGF between
El Nifio and La Nifa events shows a dipole pattern (Fig. 1b,
contours) with an increase in TCGF over the SE_WNP and a
decrease over the NW_WNP>?7-2°, The TCGF extracted from the
fifth generation of high-resolution reanalysis data from the
European Center of Medium-Range Weather Forecasts (ERAS5)
captures the observed TCGF variability with significant positive
correlations in the whole WNP basin (Fig. 1b, shades). However,
the correlation between the ensemble mean TCGF and the
observed TCGF is only high over the SE_WNP, while that over the
other regions is weak and insignificant (Fig. 1c, shades), implying
large simulation uncertainty over the NW_WNP. Similar uncer-
tainty appears in the difference in the simulated TCGF between El
Nifo and La Nifa events (Fig. 1c, contours). Since all MRl model
runs are forced by observed SST and sea ice, which means that the
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uncertainty contributed by oceanic internal variability and air-sea
interaction processes is suppressed, the uncertainty should result
from the atmospheric processes.

As ENSO has a significant impact on TCGF over the SE_WNP and
NW_WNP (Fig. 1b, contours)®, we evaluate the skills of the 100-
member simulations in reproducing the TCGFs averaged in the
two sub-regions during 1951-2010. The temporal correlation
between the observed and ensemble mean TCGF over the entire
WNP is insignificant (r=0.2) (Supplementary Fig. 1a), with
correlation coefficients between observations and individual
simulations ranging from negative to positive (Supplementary
Fig. 1b), indicating that large uncertainty exists in the simulations.
Interestingly, we find that over the SE_WNP the ensemble mean
TCGF differences are highly correlated with the observed, with a
correlation coefficient of 0.66 during 1951-2010 (Supplementary
Fig. 1c). The box-and-whisker plot shows that such significant
correlation occurs in all members (Supplementary Fig. 1d),
indicating that the interannual variability of TCGF over the
SE_WNP in response to ENSO can be well captured by the model.
However, over the NW_WNP, most members fail to capture the
variability of the observed TCGF (Fig. 1c and Supplementary Fig.
1e, f), suggesting large model uncertainty for the region. We
further evaluate the signal-to-noise ratio (SNR, Eqg. (1) in
“Methods”) among the 100 members, where larger SNR values
indicate higher simulation skills and greater predictability. The
SNR over the NW_WNP is lower than that over the SE_WNP
(Supplementary Fig. 2¢, f). The former largely contributes to low
SNR for the whole WNP TCGF. Note that the ensemble mean can
significantly improve the simulation skills and reduce the

Published in partnership with CECCR at King Abdulaziz University



a
60°N

45°N

30°N

15°N

npj

J. Zhao et al.

Regression of SLP&UV850 on EOF2

0 z 3 0 ——>—>—>— { mg”'
100°E 120°E 140°E 160°E 180°E  100°E 120°E 140°E 160°E 180°E
-14 - -10 -6 -2 4 8 Pa -14 -10 -6 -2 4 8 Pa
C Regression of RH600&VWS&PRE on EOF1 d Regression of RH600& VWS&PRE on EOF2
60°N T e a 60°N

45°N Zog o ~—0o—
30°N
15°N e
1 80°E = 120°E - 1-40°|-E-— 1 60°E‘ 180°E
-06 -04 -02 0.1 0.3 0.5 %

A5°N| e, K S0

30°N

15°N

160°E

180°E
%

140°E

- 120°E

Q
100°E

-06 -04 -02 0.1 0.3 0.5

Fig.2 Two atmospheric modes responsible for the uncertainty in the simulated WNP TCGF response to ENSO. a Regressed SLP (unit: Pa;
shaded) and winds at 850 hPa (unit: m s~ '; vector) upon the first principal component (PC1; treating 100 members as the time series) derived
from the EOF analysis of TCGF differences between the warm and cold ENSO events; b regressed SLP and 850-hPa winds upon the second
principal component (PC2); ¢, d regressed relative humidity (RH; %, shaded) at 600-hPa, vertical wind shear between 200 and 850 hPa (unit:
ms~', dashed black contours) and precipitation (unit: mm, green and brown contours) upon ¢ PC1 and d PC2. The shades and vectors
represent areas significant above 90% confidence level based on two-sided Student’s t test.

simulation uncertainty, in sharp contrast to the individual member
(e.g., member-1) as depicted in Fig. 1d.

Previous studies have pointed out that the TCGF simulation
skills can be improved with increasing model resolution3%3'. We
also notice that the correlation coefficients of the TCGF in the
high-resolution (~20 km, Fig. 1e) simulations with the observed
are higher than those in the corresponding low-resolution
(~60 km, Fig. 1d) simulations over the SE_WNP, indicating the
better simulation skill for the SE_WNP TCGF with the finer
resolution. However, over the NW_WNP, simulations using both
the high- and low-resolution MRI models exhibit similar low
correlations, indicating that the uncertainty in simulated TCGF
over the NW_WNP in response to ENSO is not strictly resolution-
dependent®. Note that this uncertainty is not confined to the MRI
model because similar spatial distributions of correlations are also
found in ECMWF model (Fig. 1f) and many other models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6; Supple-
mentary Fig. 2 in our previous study'"). As a result, it is deemed to
be robust that there exists large uncertainty in the simulated TCGF
over the NW_WNP in response to ENSO, where TCs are more likely
to make landfall and pose a greater risk to coastal populations in
East Asia. It also ultimately lowers the confidence in seasonal
prediction and future climate projection of TCGFs for the region
by current climate models.

To quantify the uncertainty, we first examine the standard
deviation calculated from the spreads (anomalies) based on the
composite of TCGF differences between the warm and cold ENSO
events across 100 ensembles relative to the ensemble mean
(Fig. 1g). Although the TCGF response to ENSO shows a dipole
pattern (Fig. 1b, ¢), the spread shows a similar pattern to the
climatological mean TCGF (Fig. 1g, a), with the maximum centered
east of the Philippines. We then conduct an empirical orthogonal
function (EOF) analysis of the spreads using the 100 samples of
TCGF differences between the warm and cold ENSO events as the
time series (Fig. 1h, i). The first EOF mode demonstrates large
uncertainty in the simulated TCGF differences from the northern
part of the South China Sea (SCS) to the east of the Philippines,
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namely the Box-1 region (Fig. Th; 10°N-22°N, 105°E-140°E),
consistent with the maximum center of the climatological mean
TCGF (Fig. 1a). The second EOF mode shows a positive region
centered over the central WNP (12°N-25°N, 130°E-160°E), namely
the Box-2 region, accompanied with a weak negative region
centered over the SCS. These two modes are statistically
significant above 90% confidence level based on the North test®?
and collectively explain 37.5% of the variance of the simulated
TCGF difference in response to the warm and cold ENSO events,
with the first (second) mode explaining 23.4% (14.1%) of the total
variance. Note that the uncertainty in the response of the
simulated TCGF over the NW_WNP appears in both the Box-1
and Box-2 regions.

Atmospheric modes responsible for the uncertainty

A question arises as to what physical processes are responsible for
the uncertainty. To address this issue, we regress 100 slices of
circulation differences between the warm and cold ENSO events
upon the two respective principal components (PCs, Fig. 2).
Figure 2a shows a strong anomalous cyclonic circulation in the
region (0°-30°N, 100°E-140°E) accompanied with easterly wind
anomalies over the SE_WNP when regressing 850-hPa winds upon
the first PC (PC1). This pattern with a closed cyclonic circulation
could represent the simulation bias of the monsoon trough. The
westerly-easterly winds compose a typical horizontal shear, which
benefits for TC genesis in the monsoon trough. Therefore, a
cyclonic or anticyclonic circulation anomaly is associated with a
stronger or weaker monsoon trough. The monsoon trough is
theoretically related to the off-equatorial Matsuno-Gill mode (MG-
mode)*33* with the cyclonic gyre circulation resembling the
Rossby wave response to diabatic heating north of the equator
(Fig. 2a). The regressed winds and sea level pressure upon the
second PC (PC2) show a sandwich structure with two large
anomalous cyclonic circulations, respectively, in the tropics and
high latitudes, and an anomalous anticyclonic circulation in
between (Fig. 2b). This circulation pattern is similar to that of
the Pacific-Japan mode (PJ-mode)®>>3% or the East Asian Pacific
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pattern (EAP)*’. Both the MG-mode and PJ-mode show a coherent
precipitation pattern (Fig. 2c, d), suggesting that these two
atmospheric modes could be triggered by tropical convec-
tion33-3>37_ The basin-uniform precipitation (Fig. 2c, green and
brown contours) corresponds to the MG-mode, while the dipole
precipitation pattern (Fig. 2d, green and brown contours)
corresponds to the PJ-mode.

The above two atmospheric modes responsible for the
uncertainty in the simulated ENSO-TCGF relationship are derived
from 100-member atmospheric circulation differences between
the warm and cold ENSO events. We further extract these two
modes from the 60-year data of the 100 members (see “Methods”)
and find that the MG-mode exists in the second EOF mode of
most ensemble members (Supplementary Fig. 3a). The spatial
correlations of the observed regressed patterns (Fig. 2a) obtained
from EOF analysis of 850-hPa winds are significantly high
(Supplementary Fig. 3b), consistent with the modes derived from
60-year data for each member (Supplementary Fig. 3c). Also, the
PJ-mode derived from 850-hPa vorticity is robust in each of the
ensemble members (Supplementary Fig. 3d, f).

The two atmospheric modes have a large impact on WNP
TCGF, which largely modulate the simulated ENSO-TCGF
relationship and control the simulation uncertainty (Fig. 3).
Figure 3a shows the scatter plot of ENSO and NW_WNP TCGF for
both observation (black line) and simulations (blue dots and red
line). The observed TCGF over the NW_WNP exhibits a significant
negative correlation with ENSO (r = —0.48), while the correlation
in the ensemble mean is insignificant (r=0.1). Moreover, the
correlations between ENSO and the simulated TCGF over the
NW_WNP for all individual members are diverse and weak, with
the correlation coefficients ranging from -0.2 to 0 between 25%
and 75% percentiles for 100 ensemble members. This confirms
that the simulated TCGF response to ENSO over the NW_WNP
has large uncertainty. However, over the SE_WNP, the correla-
tions between ENSO and the simulated (observed) TCGF in all
individual members are significantly positive (r = 0.86), implying
high confidence in the model simulated TCGF over the SE_WNP
(Fig. 3b). The correlation between ENSO and the observed TCGF
over the whole WNP is insignificant (r = 0.06) but that between
ENSO and the simulated WNP TCGF is significant (Fig. 3c). The
MG-mode has a significant correlation with ENSO in both
simulations and observation (Fig. 3d). It has a strong impact on
the simulated TCGF in Box-1 with the correlation coefficient
reaching 0.76, while the correlation between the MG-mode and
Box-1 TCGF in observation is much weaker (r=0.23; Fig. 3e).
Although the TCGF in Box-1 has a significant correlation with the
MG-mode in simulations (r=0.57) during ENSO vyears (Fig. 3f),
the MG-mode indices show large variations ranging from
positive to negative (—0.65 to 0.15) during both El Nifio and
La Nifa years (Fig. 3d). As a result, the ensemble mean TCGFs in
the warm and cold ENSO events have little difference, leading to
large uncertainty of TCGF simulations (Fig. 3f; large spread of
bars covering both positive and negative ENSO phases). The PJ-
mode exhibits a high correlation (r =0.81) with the ENSO index
during 1951-2010 in observation, while the correlation in
simulations is relatively weak but still statistically significant
(r=0.44; Fig. 3g). Interestingly, the PJ-mode has a strong impact
on the simulated TCGF in Box-2 (r =0.92), while the correlation
in observation is relatively weak (r=0.54; Fig. 3h) but still
significant. Generally, a large portion of the PJ-modes among the
100 members are positive during El Nifio events and negative
during La Nifa events, leading to a significant correlation
between Box-2 TCGF and PJ-modes between the warm and cold
ENSO events (r = 0.94).
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Improving TCGF simulations in response to ENSO by
constraining atmospheric modes

Since the two atmospheric modes are responsible for the
uncertainty in the simulated ENSO impact on TCGF over the
WNP, TCGF simulations, especially the dipole pattern of TCGF
anomalies (Fig. 1b vs Fig. 1c), could be improved by constraining
the two modes. First, we explore the TCGF difference between the
positive and negative MG and PJ phases (Fig. 4a, b). Further
considering the TCGF anomalies during respective warm and cold
ENSO events by sorting the 100 MG-mode (PJ-mode) indices (Fig.
4c-f). The selective sampling from the simulations with the
bottom 25% negative MG-mode cases, corresponding to an
anomalous anticyclonic circulation, in El Nifio years (Fig. 4c) shows
a dipole pattern over the WNP, which is significantly enhanced
compared to the ensemble mean (Fig. 1c¢) and becomes
comparable to the observed pattern (Fig. 1b). This demonstrates
that under the control of strong anticyclone over the WNP
associated with the MG-mode, convective activities and TC
genesis are suppressed in the NW_WNP. As a result, the
simulations of the El Nifio impact on TCGF over the NW_WNP is
greatly improved. Similar improvement in the simulations with the
top 25% positive MG-mode cases, corresponding to an anomalous
cyclonic circulation, can be found in La Nifa years (Fig. 4e).
Second, we examined the TCGF anomaly by comparing the
bottom (weak positive PJ phase) and the top (strong positive PJ
phase) 25% percentiles of the PJ-modes (Fig. 4b) because the PJ-
mode is quite strong during the warm ENSO phase in simulations.
Results show that the Northwest-Southeast-oriented dipole
pattern of the ENSO impact on TCGF is better captured in the
simulations with the bottom (top) 25% PJ cases selected only in El
Nifio (La Nifa) years (Fig. 4d, f).

We also explore the probability density function (PDF) distribution
of the simulated TCGFs from the 100 members in response to ENSO
in Box-1 and Box-2, respectively (Fig. 5). Prior to constraint of the MG-
mode, the TCGF in Box-1 shows little difference between El Nifio and
La Nifa events (Fig. 53, ¢, gray curves). However, the TCGF in Box-1
saliently decreased (yellow; bottom 25% percentile) during El Nifio
years and increased (yellow; top 25% percentile) during La Nifa years
after constraint of the MG-mode (Fig. 5a, c). Although the TCGF in
Box-2 is different between El Nifio and La Nifa events, the
magnitudes are largely modulated after the PJ-mode is constrained
(Fig. 5b, d), which leads to a more realistic dipole pattern of TCGF
response as in observations (Figs. 5d, f and 1b). The results with the
MG-mode and the PJ-mode constrained further demonstrate that it
is the atmospheric circulation (bias) modes that cause the uncertainty
in the simulated WNP TCGF. Therefore, the TCGF prediction and
projection of the dipole structure of WNP TCGF anomalies during the
warm and cold ENSO phases could be improved by conditionally
constraining the corresponding atmospheric modes from large
ensemble simulations.

Origin of the two atmospheric modes of the uncertainty

Previous modeling®®° and theoretical>>>>3” studies have
demonstrated that the precipitation anomaly with the mean state
of high moisture over the WNP warm pool can trigger the
convectively-forced coupled Rossby-Kelvin wave or the MG-type
response (Fig. 2a), and with the background southerly winds in
summer, the convective forcing can trigger the PJ mode or the
EAP teleconnection pattern (Fig. 2b). We further deepen the
understanding that, due to the baroclinic response to diabatic
heating in the tropics, the response in wind anomalies to
anomalous precipitation is opposite in the lower and upper
troposphere, which is reflected in the response of the vertical
shear of zonal wind (Supplementary Fig. 4). To reveal the origin of
the identified two atmospheric modes, we conduct the EOF
analysis of precipitation differences between the warm and cold
ENSO events from the 100 ensemble members. The results show
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Fig. 3 Relationships among ENSO, the two atmospheric modes and TCGF. a-d Scatter plot between ENSO index and a TCGF over the
NW_WNP, b TCGF over the SE_WNP, ¢ WNP TCGF, and d the MG-mode; e scatter plot between the MG-mode and TCGF in Box-1 (Fig. 1h) for 100
members (red and blue) and observation (black); f the scatter plot between the ensemble mean of Box-1 TCGF and 24 ENSO events with the
spreads of the MG-mode and Box-1 TCGF represented by the error bars; g scatter plot between ENSO and the PJ-mode with observation in
black and simulations in red or blue, h scatter plot between the PJ-mode and TCGF in Box-2 (Fig. 1i) for 100 members; and i scatter plot
between the ensemble mean of Box-2 TCGF and 24 ENSO events with the spreads of the PJ-mode and Box-2 TCGF represented by the error
bars. The red and black dots in subplots except (f, i) indicate the ensemble mean of TCGF (MG-mode, PJ-mode and ENSO) in the MRI-AGCM
model simulation and observation, respectively; and the regressed lines of the ensemble mean values are also shown in red and black. f, i The
red dots represent the scatters between ensemble-averaged TCGF and El Niflo events while the blue dots are the scatters between ensemble-
averaged TCGF and La Nifa events. The MG-mode is derived from the second mode of EOF analysis of 850-hPa winds in the region (Eq-35°N,
100°E-160°E) while the PJ-mode is obtained from the first mode of EOF analysis of 850-hPa vorticity in the region (10°N-55°N, 100°E-160°E)
during 1951-2010. The correlation coefficients between two indices for the 100 members with the minimum, maximum, median, 25th and
75th percentile values are shown in each bar plot.

that the first two PCs of precipitation differences have significant plays a role in promoting local TC genesis (Fig. 6¢), while the
correlations (r=0.64 and 0.51) with those of the differences in the regressed wind field upon PC2 exhibits a basin-scale anomalous
simulated TCGF (Fig. 6a, b). The regressed wind field with cyclonic circulation over the WNP (Fig. 6d). These two anomalous
respective to PC1 shows a strong anomalous cyclonic circulation circulation patterns resemble the MG-mode and PJ-mode as
predominantly over the SCS and east of the Philippines, which identified earlier, and largely affect TCGF over the WNP and
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Fig. 4 Selected simulations of TCGF over the WNP in response to ENSO. a Composite difference in the simulated ensemble mean TCGF
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respectively; d, f same as (c, e) but for PJ-mode (d) in El Nifio years with the bottom 25 percentiles and f in La Nifia years with the top 25th
percentiles. The purple boxes in (c-f) represent the uncertainty regions of Box-1 and Box-2. Both the contours and the shading in (a, b)
represent the composite difference in TCGF between positive and negative MG-mode (a) and PJ-mode (b) indices.

control the uncertainty in the simulated TCGF in Box-1 and Box-2
in response to ENSO (Fig. 1h, i).

To demonstrate how the precipitation-related diabatic heating
anomaly triggers the two atmospheric modes mentioned above,
we calculate the wave activity flux (WAF; Eq. (2) in Methods)
related to the two EOF analyses of precipitation. The WAF related
to the first EOF analysis propagates northward and westward,
triggering the MG-mode over the western part of the WNP
(Fig. 6e). The WAF related to the second EOF analysis of
precipitation predominantly propagates northward, leading to
the downstream development of the PJ-mode (Fig. 6f). We also
examine the EOF analysis of JJASON precipitation by combining
all 100-member data, namely 6000 model years (Supplementary
Fig. 5). The two precipitation-induced atmospheric modes can be
reproduced, consistent with those derived from the 100 members
(Fig. 5). This means that the two atmospheric modes derived from
precipitation data are dominant in all individual members.
Therefore, the WAF analysis supports that anomalous diabatic
heating associated with the simulated precipitation bias triggered
the MG-mode and PJ-mode, which in turn contribute to the
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uncertainty in the large-scale circulation that controls TCGF
change over the WNP in response to ENSO.

DISCUSSION

Although the WNP TCGF difference between the warm and cold
events shows a dipole pattern in observation, with positive and
negative differences over the SE_WNP and NW_NWP, respectively,
most state-of-the-art climate models can only capture the TCGF
response to ENSO over the SE_WNP, with large uncertainty over
the NW_NWP, as demonstrated using the 100 ensemble simula-
tions in the MRI model. Further analyses show that the MG-mode
and the PJ-mode largely modulate the simulated ENSO impacts on
TCGF over the NW_WNP and thus are responsible for the
uncertainty in the simulated TCGF therein. By constraining the
two modes, we can significantly improve the TCGF simulations in
response to ENSO. These two modes are shown to be triggered by
the precipitation bias-related diabatic heating in the tropical
western Pacific. A recent study*' found that the simulation biases
of Subtropical High and Monsoon could induce the simulated bias
in TCGF. Although the Subtropical High is partially similar to the
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simulations.

two dynamical modes identified herein, they did not focus on the
warm and cold ENSO phases. Furthermore, they emphasized the
tropical-subtropical connections*'. However, in this study, we
revealed the simulation bias of diabatic heating in triggering “MG-
mode” and “PJ-mode” and demonstrated the connection between
diabatic heating associated with tropical precipitation and the
atmospheric modes via the WAF mechanism.

Here, we only focused on the simulation uncertainty of TCGF
related to the warm and cold ENSO phases. The simulation
uncertainty of TCGF affected by other oceanic modes, such as the
Pacific Meridional Mode***, Eastern Indian Ocean and North
Atlantic SST anomalies**~*8, is not touched upon in this study,
which deserves a future investigation. Further, we only focused on
the two atmospheric dynamical modes that contribute to the
TCGF simulation uncertainty of TCGF associated with the two
ENSO phases. However, the atmospheric modes could be very
diverse over different basins, which warrants future studies. It is
worthy of noting that the two atmospheric modes identified
herein exist not only in the MRI atmospheric general circulation
model (AGCM) but also in other models, including CESM, HadGEM,
and ECMWF AGCM models. This indicates that the simulation
uncertainty cannot be attributed to the variations in model
physics**~>2, especially the convective parameterization scheme,
which remains relatively independent in most climate models.
Note that we did not consider the uncertainty induced by either
the dynamical cores of the model nor contributed by the oceanic

Published in partnership with CECCR at King Abdulaziz University

internal or coupled variability in this study, which are more
complicated. Since the 100-member atmospheric MRI model
simulations were all forced by the same observed SST and sea ice
content with only slight perturbation in the initial condition (see
“Methods”)>3>4, the diverse responses of the atmospheric circula-
tions and TCGF to ENSO arise primarily from the internal variability
in the model. A random perturbation, such as the precipitation
bias in atmospheric models, could quickly grow®® and self-
aggregate® in numerical simulations, leading to significantly
diverse atmospheric circulations.

Although many previous studies reported the systematic bias in
the simulated precipitation in the warm pool region by state-of-
the-art climate models, this study is the first to uncover that the
precipitation  bias-related atmospheric circulation anomaly
(modes) can predominantly contribute to the uncertainty in the
simulated TCGF over the NW_WNP in response to ENSO and thus
the interannual variability of TC activity over the WNP. Our
findings strongly suggest that to better simulate and predict TC
activity over the WNP on interannual timescale, efforts should be
made to improve the skill of climate models in simulating tropical
precipitation, particularly in the western Pacific warm pool region.
It is worthy of noting that the simulation uncertainty is not limited
over the WNP, but widely spreaded over all TC basins on the
globe. Therefore, the dynamical modes may vary in different
basins. Last, we only derived two dynamical modes responsible for
the simulation uncertainty of WNP TCGF in the present-day
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Fig. 6 The relationship between the precipitation biases and the two atmospheric modes. a The first principal component (PC1) of
differences in the simulated precipitation (red) and TCGF (black) over the WNP between El Nifio and La Nifia events for 100 members; b as in
(@) but for the second principal component (PC2); ¢ the regressed winds at 850 hPa and precipitation upon PC1; d the regressed winds and
precipitation upon PC2; e the WAF (unit: m? s—2) calculated based on the PC1-regressed streamfunction that is derived from the horizontal
winds; f as in (e) but for the WAF related to PC2. The numbers in (a, b) represent the correlation coefficients between the two time series. The
shades in (c, d) stand for differences in precipitation and in (e, f) for geopotential height (unit: gpm).

climate. These modes may be subject to change under anthro-
pogenic forcing conditions, which deserves further investigations
in the future.

METHODS

This section provides details of the data sources and methods
used in this study. Various data sources from reanalysis and high-
resolution model experiments were utilized to derive the TC
information, validate the consistency of results, and examine the
circulation patterns dominating the uncertainty of TCGF simula-
tion in the WNP. Specifically, we conducted the EOF analysis of
100-member TCGF (850-hPa winds) differences between the warm
and cold ENSO events to evaluate the uncertainty of TCGF (to
obtain the internal atmospheric modes) over the WNP. In addition,
we established the connection between the atmospheric modes
and simulation uncertainty using correlation and regression
analyses with Student’s t test and bootstrap methods used for
the significance test.

TC detection and tracking

The TC detection algorithm was used to explicitly
extract TC information from the fifth-generation European Center
of Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5),
HighResMIP models datasets of Coupled Model Intercomparison
Project Phase 6 (CMIP6) and a database for Policy Decision
marking for Future climate change (d4PDF). The basic extraction
criteria and steps are as follows: First, there appears a low-pressure
center on the sea surface. Considering that the TC intensity is
initially weak, and the structure is asymmetric, the surface isobars
is not necessary to be closed. Second, for the vortex to reach a TC
strength, the 850-hPa wind speed was not less than 177 ms~' for
the 0.5° HighResMIP models and ERAS5 reanalysis, but for 13 m s~
for d4PDF data in its lifespan, and the absolute value of the 850-
hPa vorticity was greater than 5 x 107>s~' (8 x 107 >s~' for MRI

11,14,16,31,56,57

npj Climate and Atmospheric Science (2023) 213

model) at the same time. Third, the temperature within 1200 km
from the vortex center was higher than the temperature between
the radii of 1200 km-2400 km averaged between 300 and 500 hPa
to ensure a warm core structure. Finally, the vortex lifespan should
have been at least 1.5 days.

Reanalysis data

In this study, the monthly atmospheric data from 1951 to 2010,
mainly including sea level pressure (SLP), 850-hPa and 200-hPa
winds, were obtained from the National Centers for Environmental
Prediction/National Centers for Atmospheric Research reanalysis |
(NCEP/NCAR Reanalysis 1)°® and from the ERA5°° with the
horizontal resolution of 0.25°. The vorticity and streamfunction
are calculated from the 850-hPa horizontal winds, and the vertical
zonal wind shear is calculated as the difference between 200- and
850-hPa zonal winds. We further used ERA5 reanalysis dataset,
which has a horizontal resolution of 0.25° at 6-hourly interval, to
derive the TC information, to cross-validate the observational TC
data. The SST version 5 (SST v5) dataset was obtained from the
National Oceanic and Atmospheric Administration (NOAA)®°. The
monthly precipitation dataset was got from Physical Sciences
Laboratory (PSL) of NOAA.

Model data

This study mainly depended on the d4PDF dataset to quantify the
uncertainty of TCGF simulation over the WNP and investigate the
possible physical mechanisms. The atmospheric general circula-
tion model version 3.2 (AGCM3.2) from the Meteorological
Research Institute (MRI) of Japan has a horizontal resolution of
about 60 km and 29 vertical levels, which can resolve the TC-like
vortices. In particular, a cumulus convective scheme®®®! was
introduced in MRI-AGCM and it showed apparent improvements
in simulating TCGF climatology. This model was driven by
observational daily SST data from NOAA and daily sea ice content
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data, while the anthropogenic forcing data were got from
historical simulation of CMIP5, and the integration covers time
periods during 1951-2010. A significant advance using the MRI-
AGCM model is its 100-member ensemble simulations for d4PDF.
The 100-member integrations were forced by the same observed
SST and sea ice concentrations only with the initial atmospheric
and lateral boundary conditions perturbed with a small magni-
tude®*%2, The TC information, including longitudes, latitudes and
intensities, was derived from the 6-hourly atmospheric data. We
further used the monthly SLP, winds, geopotential height and
precipitation data to analyze the circulation patterns responsible
for the uncertainty of TCGF®,

To check the dependence on model resolution, we employed a
higher resolution of MRI-AGCM model with 20-km mesh to
compare with the 60-km mesh simulation; the spatial correlation
patterns simulated using the two resolutions (Fig. 1c-e) are similar
over the NW_WNP with the correlations between observation and
simulation being insignificant, indicating that the effect of model
resolution is secondary. To address whether the uncertainty is
partially originated from different model physics3'#94, we further
used the TC data and monthly circulation data derived from the
high-resolution ECMWF model (Fig. 1f), as well as other model
datasets (Figure not shown)''. The results are consistent and
indicate that the TC variability in response to ENSO contains large
uncertainty over the NW_WNP. Note that only the high-resolution
simulations from the MRI have enough ensemble members we
can access for our EOF analysis, while other high-resolution
datasets from various institutions either have no enough members
or we could not access for reliable EOF analysis (Supplementary
Table 1).

Observational TC dataset

Here, the TC dataset during 1951-2010 was downloaded from the
International Best Track Archive for Climate Stewardship
(IBTrACS)®>%%, which includes TC location (longitude and latitude)
and intensity (maximum sustained surface wind speed) informa-
tion at 6-hour interval. We considered a TC genesis as its intensity
reached 35 knots (~17 ms™") for the first time over the WNP in
IBTrACS data. The annual TCGF was summed from June to
November (JJASON). Here, the study season from June to
November basically covers the typhoon season (defined as June
to October) and November, in which TCs are often largely
modulated by ENSO, consistent with previous studies®”~®°, Note
that we did not consider the seasonal dependence of simulation
bias in this study’®”", which could be a topic for a future study.

Definitions of TCGF, ENSO index, SNR, WAF, and two
atmospheric modes

In this study, the TCGF at each grid was counted as the number of
TCs that formed during JJASON in an area of 20° in the zonal
direction and 10° in the meridional direction, centered at this grid
box. The TCGF was calculated at a grid spacing of 1° so that a
spatially smooth distribution can be ensured. Based on a previous
study'", this method could establish a stable relationship between
the TCGF and the related environmental factors. The reason to set
a 20°x 10° box is that the synoptic waves triggering TC genesis,
such as equatorial Rossby waves, mixed-Rossby-gravity waves, and
easterly waves, or other types of synoptic disturbances, have a
zonal scale of about two thousand kilometers and a meridional
e-folded scale of a thousand kilometer’2,

The Nifio3.4 index was defined as the average SST over the
equatorial eastern Pacific (5°5-5°N, 120°W-170°W). Here, we used
JJASON averaged Nifio3.4 index from PSL for the period of
1951-2010. The warm or cold ENSO events were defined using a
0.8 standard deviation (STD) threshold. From the 60-year dataset,
we selected 12 El Nifio (warm) events and 12 La Nifa (cold) events.
The 12 El Nifio years are 1951, 1957, 1963, 1965, 1972, 1982, 1987,
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1991, 1994, 1997, 2002, and 2009; the 12 La Nifa cases are 1954,
1955, 1964, 1970, 1971, 1973, 1975, 1988, 1998, 1999, 2007 and
2010 as shown in Supplementary Fig. 6a. The composite of SST
anomalies between positive and negative ENSO phases is shown
in Supplementary Fig. 6b. The composite TCGF and circulations
between the warm and cold ENSO events were defined as their
response to ENSO. We also tested other thresholds, such as 1 STD
and 0.6 °C, and even separated Central Pacific’>”* from Canonical

ENSO events. The results were similar.
The SNR in this study is defined as follow*®:

SNR =— (1

where oy, is the STD of the randomly selected members from the
ensemble mean, and o, is the STD of the departures from the
ensemble mean in all 100 members or totally 6000 thousand years
(60-year integration per member). In this study, the spreads of SNR
(or correlations) were calculated by randomly selecting N (N=1, 5,
10, 20, 30, 40, 50, 60, 70, 80, and 90) members with 10,000 times
repeated. After sorting 10,000 values, the values of minimum,
maximum, median, 25th and 75th percentiles are shown in
bar plots.

In this study, the empirical orthogonal function (EOF) analyses
were conducted in two ways. First, based on the composite
differences of TCGF (850-hPa winds) between the warm and cold
ENSO events, we got 100 parallel samples of ENSO-related
differences from the MRI-AGCM ensemble experiments. The
deterministic or confidence of TCGF simulations can be deter-
mined by the similarities between ensemble members, while the
uncertainty is originated from the differences between ensemble
members. So, to quantify the uncertainty of TCGF and derive the
atmospheric internal variability, we conducted EOF analysis of the
100-member composite differences of TCGF between the warm
and cold ENSO events over the WNP (0-35°N, 100°E-180°). The
spatial patterns indicate the regions containing the uncertainty in
simulating the TCGF in response to ENSO using the MRI-AGCM.
When we regressed 850-hPa winds upon the first and second
principal components of EOF, we got the MG-type and PJ-type
modes as discussed in the text (Fig. 2a, b). It is worthy of noting
that, in this way, we consider the 100-member as the time
dimension to derive the uncertainty mode among these 100
members'®, which is different from the method treating the real
calendar year as the time dimension”"7>.

Although the MG-type and PJ-type modes can also be derived
from the 850-hPa wind patterns for 100 ensemble members
(Fig. 2a, b); it is still unknown whether the uncertainty of TCGF is
induced by the fluctuations of these two atmospheric modes
among members or they can be extracted from the annual
JJASON wind data in each member. So, on the other hand, we
further performed the traditional EOF analysis of JJASON winds
and vorticity at 850 hPa during 1951-2010 for each member of the
MRI-AGCM model by considering the real calendar year
(1951-2010) as the time dimension. Basically, we conducted the
EOF analysis for the composite differences in 850-hPa winds
between the warm and cold ENSO events over the WNP (0-45°N,
100°E-180°). We found that the first EOF mode is very similar to
the PJ-mode, and the second mode is similar to the MG-mode. We
modified the EOF region to include higher latitudes (EQ-70°N,
100°E-160°E) and found that the correlations of the principal
components between different domains are very high. To keep
the integrity of the analysis, we considered the second EOF mode
of 850-hPa wind differences over (0-35°N, 100°E-160°E) as the
MG-mode (or Anticyclone mode) and treated the first EOF mode
of 850-hPa vorticity over (10°N-55°N, 100°E-160°E) as the PJ-
mode. We verified that the pattern correlations of MG or PJ-mode
are very similar among members (Supplementary Fig. 3). By
checking the first four EOF modes among the 100 members, we
determined that most of the second (or first) EOF modes of 850-
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hPa winds or vorticity are the MG (or PJ) mode. If the pattern
correlation of winds between observation (Supplementary Fig. 3a
or Fig. 3b) and the other three modes is higher than the second
(or first) one, we considered the mode with highest pattern
correlation as MG (or PJ) mode (Supplementary Fig. 3).

The wave activity flux (WAF) in the spherical coordinates can be
expressed as follows”®

U o v |ow oy /
aZcos2g |:(§> w a)\2:| aZcos ¢ [ﬁw -y

5 (@) - v
)

Where U, V are the climatological zonal and meridional winds at
850 hPa for 100-member ensemble mean, respectively; ¢/ is the
regressed stream function (SF) anomaly upon respective principal
components of EOF analysis; a, ¢, and A are the Earth’s radius,
latitude, and longitude; p is the air pressure at 1000-hPa. Instead of
using a quasi-geostrophic approximation to derive the SF based on
geopotential height, we derive the SF anomaly based on vorticity,
which is further calculated from the zonal and merldlonal Wlnds by

solving the differential equations v’ and v m‘m =T

pcos¢

U | 2yl u fewaw 3w
0Xogp | a?cos¢p | OA O -y MNop

WAF =

Significance tests

Here, the statistical significance was detected based on the
following methods: the two-tailed Student’s t test for composite
analysis, the two-sided bootstrap resampling test for spreads and
the North test for EOF analysis. The degree of freedom of the
Student’s t test was 22 for composite analysis of the 24 ENSO
events and 98 for the regressed analysis based on 100 members.
The bootstrap test was used to evaluate the spreads of the
correlations and SNR with 10,000 times resampling.

DATA AVAILABILITY

All datasets utilized in this study can be publicly accessed. The IBTrACS best-track
dataset is available at https://www.ncdc.noaa.gov/ibtracs/; the 6-hourly and monthly
reanalysis data of ERA5 and NCEP/NCAR reanalysis can be downloaded from https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 and https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis.ntml, respectively; the d4PDF data-
base of the MRI-AGCM for downloading 6-hourly and monthly datasets are available
at http://d4pdf.diasjp.net/d4PDF.cgi?target=GCM-subset&lang=en; and the High-
ResMIP data of the CMIP6 used to validate the d4PDF datasets are openly available at
https://data.ceda.ac.uk/badc/cmip6/data/CMIP6/HighResMIP; the MRI 20-km TC
dataset is provided by Prof. Yohei Yamada.

CODE AVAILABILITY

The Python codes used for plotting the figures in this study and Fortran codes for the
TC detection in reanalysis and CMIP6-HighResMIP models can be requested from the
first author and downloaded from the figshare website (https://doi.org/10.6084/
m9.figshare.22756943.v1).
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