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Abstract El Nifio—Southern Oscillation (ENSO) is an important driver of fire weather in Australia. The correlation between
ENSO and Australian fire weather has strengthened over the recent two decades. However, the causes for this change have
not been well investigated. Here, using reanalysis datasets and numerical model simulations, we show that the Atlantic
Multi-decadal Oscillation (AMO) could potentially modulate the ENSO-Australian fire weather relationship. The correlation
between ENSO and Australia fire weather index (FWI) increases from 0.17 to 0.70 when AMO shifts from its negative
phase to its positive phase. This strengthening effect can be explained by the atmospheric teleconnection mechanisms.
Specifically, the positive AMO phase, manifested as a warming North and Tropical Atlantic, generates Rossby wave trains
and results in high pressures over Australia, which increases local temperature and wind speed but decreases precipitation.

This signal superimposes ENSO and thus serves to enhance the ENSO effect on Australian fire weather.

1 Introduction

Australia is the main fire-burning area in the world, as it has more fire-prone lands than the other continents due to the highly
flammable biota (Duc et al., 2018). This region frequently suffers from wildfires in austral spring and summer each year (Cai
et al., 2009; Dowdy, 2018), especially in the catastrophic 2019/20 wildfire season (Abram et al., 2021; Arriagada et al.,
2020). Wildfires in Australia also have a significant impact on the environment (Damany-Pearce et al., 2022; Nguyen et al.,
2021), human health (Nguyen et al., 2021; Yu et al., 2020) and ecological systems (Liu et al., 2022). Moreover, as the
frequency and intensity of heat waves and droughts in the region increase due to climate warming, wildfires in the region are
expected to become more intense, and the related impacts might be more far-reaching (Clarke and Evans, 2018; Jain et al.,

2021).

As an area with great productivity, wildfire occurrence and spread in Australia are primarily determined by fire weather, so
the enhancement of fire weather indicates the increase of fire (Bradstock, 2010; Clarke et al., 2019). Australian fire weather
is closely related to the El Nifio-Southern Oscillation (ENSO), the leading climate mode controlling key determinants of fire

(moisture and temperature variability) (Risbey et al., 2009). In general, El Nifio events (the warm phase of ENSO) starve
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Australia of precipitation and promote long-term droughts and fire weather (Chen et al., 2017; M. Mariani et al., 2016).
Moreover, the relationship between ENSO and Australian fire weather has strengthened (Michela Mariani et al., 2018) in the
21st century, but the causes for this strengthening remain unclear. Additionally, the underlying mechanism accounting for

this change is poorly understood.

Decadal climate variability may also impact fire weather and impose interannual variability. For example, the Atlantic-
induced anomalies have a significant impact on Pacific SST and circulation changes (Chikamoto et al., 2016; Chikamoto et
al., 2020; Lv et al., 2022), contributing nearly 75% of the tropical SST changes during the satellite era (Li et al., 2016).
Markedly, Atlantic decadal variability, i.e., Atlantic Multi-decadal Oscillation (AMO), shifts its phase from negative to
positive in the late 1990s. This shift may potentially influence ENSO as well as its teleconnection patterns, including the
meteorological conditions in Australia that are closely related to fire weather. In this study, we investigate the Atlantic
impact on Australian fire weather and its potential contribution to the ENSO-Australian fire weather relationship. We also
attempt to clarify the possible mechanism accounting for this impact. We hope the results can provide insights into the

causes of the variability of fire weather in Australia and improve wildfire modeling and forecast in this area.

2 Data and Methods

2.1 Fire weather index, meteorological data, and climate variability index

Fire occurrence and spread are determined by the confluence of sufficient fuel, an ignition source, and suitable weather, i.e.,
the fire triangle including heat, fuel, and oxygen (Krawchuk et al., 2009). In areas of high biomass (abundant fuel), such as
Australia, fire occurrence over time is primarily modulated by fuel moisture (i.e., weather) and ignitions (lightning and
humans) (Bradstock, 2010). The Fire Weather Index (FWI) is a numeric rating of fire intensity that depends on weather
conditions and has been shown as an effective indicator of fire danger because it contains both a component of fuel
availability (drought conditions) and a measure of the ease of spread (Simpson et al., 2014). Daily FWI (0.25° x 0.25°, 1981-
2019) is obtained from the historical data of fire danger indices from the Copernicus Emergency Management Service
(Copernicus Contractor, 2021). This dataset provides a complete historical reconstruction of meteorological conditions

favorable to the start, spread and sustainability of fires. The daily FWI is then converted to monthly FWI for later analysis.

Meteorological variables, such as surface temperature, precipitation, and wind speed, are critical factors in calculating FWI

(Lawson, 2008). Therefore, we primarily use monthly meteorological variables from the re-gridded and interpolated ERAS
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reanalysis datasets (Hersbach,2019) from climate data store (CDS) disks to examine responses of meteorological variables to
remote SST forcing. According to Lawson (2008), we select 2m temperature (T2M), total precipitation (TP), sea level
pressure (SLP) and 10m wind speed (WND10) from 1981 to 2019, with a resolution of 0.25° X 0.25° . WNDIO is
calculated by the UV component of 10m wind (U10, V10) to represent the intensity of the 10m wind. In order to verify the
robustness of our results, we also used the same variables from the NCEP-NCAR Reanalysis 1 datasets and MERRA-2
datasets (Global Modeling and Assimilation Office, 2015a; Global Modeling and Assimilation Office, 2015b; Kalnay et al.,
1996), and re-gridded and interpolated ERAS reanalysis datasets (Hersbach,2019) from 1959 to 2019. All meteorological

variables were linearly detrended to minimize the impact of global warming on our analysis.

Finally, climate variability indices, such as monthly AMO and Nifio 3.4 indices from 1981 to 2019 from the NCAR climate
data guide (Trenberth, 1997; Trenberth and Stepaniak, 2001; Trenberth and Shea, 2006) are used to represent the variability
of AMO and ENSO respectively. Moreover, we have explored dataset dependence of the main results by using various SST
datasets, including COBE-SST 2 (COBE), the Met Office Hadley Centre’s SST (Hadley), and Kaplan Extended SST v2
(Kaplan), NOAA Extended Reconstruction SST V4 (NOAA V4) and NOAA Extended Reconstruction SST V5 (NOAA V5)
(Huang et al., 2015; Huang et al., 2017; Kaplan et al., 1998; Liu et al., 2015; Rayner et al., 2003). Both the general trends
and variability of AMO and the ENSO-Australian FWI relationship under different AMO phases, as revealed by these
datasets, are highly consistent (Figure S1-S2).

Subsequently, we calculated the meteorological variable composite maps of ENSO (AMO). These composite maps are
defined as the meteorological variables of Nifio 3.4 (AMO) positive phase years minus those in Nifio 3.4 (AMO) negative
phase years. The positive phase year of Nifo 3.4 is defined when the absolute value of the moving average of the Nifio 3.4

index in three months exceeds 0.5 “C for at least five months, and vice versa (Trenberth, 1997).

In addition, simple stochastic variability can drive perceived decadal changes and needs to be considered a potential driver of
variable ENSO behaviors. In order to obtain a more robust conclusion, we estimated all p-values by considering the

autocorrelation using the method by Storch and Zwiers (2000).

2.2 Ocean basin experiments

To examine the meteorological responses and physical mechanism of the Atlantic impacts on Australia, we performed a
series of ocean basin experiments using the Community Earth System Model-Community Atmosphere Model version 4

(CESM-CAM4) (Gent et al., 2011). The North and Tropical Atlantic Sea Surface Temperature (SST) variabilities were

3
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respectively added to the model to examine the response of meteorological variables in Australia to these remote
forcings. Specifically, the monthly SST variability from 1979 to 2015 is added in the North Atlantic region of 25 ° N-
75 ° N and the tropical Pacific region of 20 °© N-20 ° S, with a buffer zone of 10 © added to the north and south of each
region. SST forcings over the other regions remain seasonal varying climatological SST. An ensemble simulation with
eight members is performed, and the ensemble means are considered the atmospheric response to SST forcing in the
target ocean basin. We call this experiment the Ocean Basin Experiments (OBE). These experiments are similar to

previous studies (Liu et al., 2022; Wang et al., 2018)

Since the peak season for fire weather in Australia is mainly the local spring (SON, Earl, and Simmonds, 2017), we
selected the model responses to SON North Atlantic SST (25°N-65°N, 10°W-60°W) and Tropical Atlantic SST (0-20°
N, 10°W-60°W) in the OBE for further analysis.

3 Results

3.1 Influence of AMO on the relationship between ENSO and Australian FWI

As shown in previous studies, Australian fire weather is closely correlated with ENSO (Harris et al., 2014; Mariani et al.,
2016). Here, we also found that Australian FWI is significantly positively correlated at R~ 0.53 (p<0.01) with Nifio 3.4
index. El Nifio events (anomalously positive Niflo 3.4 index) induce warmer-than-average temperatures and reduced
precipitation across most of Australia in SON. These meteorological anomalies create favorable conditions for igniting and
spreading wildfires (Keeley et al., 2022; Littell et al., 2016). In addition to temperature and precipitation, Australia is
dominated by a high-pressure center and enhanced northwest winds, which also contribute to wildfires by expanding the

burnt area (Clements et al., 2008; Koo et al., 2010).

However, the correlation between ENSO and Australian fire weather is not stable but changes over time. The previous study
indicates that the impact of ENSO on Southern Hemisphere fire weather, including in Australia, has become stronger since
the start of this century (Mariani et al., 2018). Our analysis also found that the ENSO-Australian FWI correlation increased
from 0.34 during 1981-1999 to 0.66 during 2000-2019 (Figure S3 a). However, the other two major southern hemisphere
wildfire regions, South Africa and South America, do not show obvious trends (Figure S3 b, c¢). Mariani et al. (2018)
hypothesized that this correlation transition is likely due to global warming. Given that the global warming trend slowed
down or even paused between ~2000 and 2015, this hypothesis seems unjustified, motivating us to find other potential

causes.
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Around 2000, a significant global decadal climate variability, the AMO, also transitioned from its negative to its positive
phase. Atlantic climate variability has been shown to have a broad impact on the global climate system, including the Pacific
Ocean (Chikamoto et al., 2016), the Indian Ocean (Xue et al., 2018), and even the Antarctic (Ren et al., 2022). Indeed, the
ENSO-Australian FWI relationship dramatically changed between different AMO phases, with their correlation coefficients
increasing from 0.17 to 0.70 between negative and positive AMO phases (Figure 1a), similar to the correlation increase
before and after 2000 (Figure S1a) but with a greater contrast. We further calculate a running correlation between ENSO and
Australian FWI and compare its time series with that of the AMO (Figure 1b). It is clearly seen that at the negative AMO
phase, the ENSO-Australia FWI correlation is low and mostly below 0.3, whereas it increases to above 0.6 or even 0.8 at
positive AMO. The time of the transition of the two time series also agrees well, in the late 1990s, although the correlation

time series shows a slight lead mainly due to the smoothing treatment.

3.2 Impact of North and Tropical Atlantic on Australian FWI

To explain why AMO may reinforce the ENSO-Australian fire weather relationship. It is necessary to examine the impact on
Australian meteorological conditions, especially the coherent impact between ENSO and AMO. We approach this question

by analyzing reanalysis datasets and OBE simulation results.

As mentioned above, positive ENSO, i.e., El Nifio events, corresponds to higher SLP, higher temperature, and lower
precipitation, which is conducive to fire generation. For the surface wind, the composite field of the surface wind has the
same direction (Southeast wind) as the climatology surface wind, which plays a vital role in strengthening the wind speed
and accelerating the expansion of wildfires. This relationship is further corroborated by the composite difference maps of

temperature, precipitation, and circulation field between positive and negative Nifio 3.4 index conditions

We first compare these El Nifo-related meteorological responses in Australia during positive (Figure 2d-f) and negative
AMO phases (Figure 2g-i) and find that temperature increase and precipitation decrease are both stronger during El Nifio
when AMO is at its positive phase. The response of SLP and surface winds are even more intense during positive AMO
phases compared with the negative phases (Figure 2f & 1). Specifically, there might be higher SLP and stronger surface wind
during El Nifio in the positive phase of AMO. This phenomenon indicates that AMO may potentially enhance the
relationship between ENSO and Australian FWI.

We further conduct separate composite analysis of the Australian meteorological fields during positive and negative AMO

phases (Figure 2j-1), which appears to show similar patterns to that of ENSO (Figure 2a-c). Specifically, the positive AMO

5
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also corresponds to warmer temperatures and lower precipitation, although the area with significant precipitation changes is
mostly concentrated in the southern part. Given that wildfires are also more intense in south Australia (Hennessy et al., 2005),
these AMO-associated meteorological anomalies thus also serve to enhance fire weather. Positive AMO also corresponds to
the easterly anomaly wind in eastern Australia. Due to the topography of the Great Watershed in eastern Australia, the
easterly wind adiabatically sinks, increasing temperature and reducing humidity, resulting in a high temperature and low
humidity environment over this biomass-rich area (Kriwoken, 1996). These similarities suggest that positive AMO may
reinforce the ENSO effect on Australian FWI and result in more severe and extensive wildfires. We also examined the
differences in the ENSO events between the two periods with different AMO phases (1981-1999 and 2000-2019, Figure S4),
but found no significant difference in their spatial patterns (Figure S4e & f), indicating that ENSO flavor is an unlikely factor
for the shifted ENSO-Australian FWI relationship.

Because reanalysis datasets contain many different physical processes, to isolate the AMO effect, we continue to examine
the responses of major meteorological variables (T2M, TP, SLP, U10, V10) to North and Tropical Atlantic in the OBE. The
detrended and normalized SON meteorological variables are regressed on the detrended and normalized SON Tropical
Atlantic and North Atlantic SST in OBE. The regression coefficients, representing the responses of local meteorological

variables to remote SST forcings in the corresponding ocean basin, are shown in Figure 3.

For the Tropical Atlantic, the anomalously high SST in this region corresponds to higher T2M and lower TP in southern
Australia (Figure 3a-b), the primary wildfire regime. This anomaly also corresponds to anomalously easterly and northerly
winds in eastern Australia (Figure 3c). These winds will sink due to topographic factors, increasing temperature, and reduced
humidity. These meteorological anomalies may reduce moisture in combustible plants and increase surface dryness, creating
favorable conditions for igniting and spreading wildfires. Similarly, although the responses of these meteorological variables
are relatively weaker to the North Atlantic forcing (Figure 3d-f), their change directions agree with those under the Tropical
Atlantic forcing, i.e., positive North Atlantic SST anomalies correspond to higher T2M and less TP in southern Australia.
Therefore, the impact from tropical Atlantic appears stronger and more significant. Nonetheless, the impact of North Atlantic

on precipitation is statistically significant across southern and western Australia and cannot be ignored.

The consistent results in reanalysis (Figure 2) and OBE (Figure 3) indicate that the positive AMO phase, associated with
warm North and Tropical Atlantic SST anomalies, induces warmer and drier weather in Australia, especially in the southern
part. This inducing reinforces the positive ENSO signal on Australian fire weather, thus enhancing the ENSO-fire weather

relationship there. In addition, the modulation effect of AMO on Australian climate is also significant in different periods
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(1981-2019 and 1959-2019) and different reanalysis data sets (ERAS5, NCEP-NCAR, and MERRA-2), which further

confirms the robustness of our findings (Figure S5-S7).

3.3 Possible mechanism accounting for this modulation

To clarify the physical process that the Atlantic impacts on Australia, we examine the responses of the 500 hPa geopotential
height (GPH) responses in the North and Tropical Atlantic OBE and the mechanisms by which North Atlantic and the
Tropical Atlantic respectively affect Australian FWI. Following Sardeshmukh and Hoskins (1988), the dynamics of Rossby
waves can be diagnosed by analyzing the barotropic vorticity equation at 200 hPa. Specifically, we diagnosed the dynamics
of Rossby waves by analyzing the barotropic vorticity equation at 200 hPa, i.e., the Rossby wave source (RWS) that

quantifies vorticity forcing associated with low-level convergence and upper-level divergence.

For Tropical Atlantic, the thermal forcing in the tropical Atlantic drives changes to the zonal Walker circulation. This change
may lead to upward vertical motion and local convection over the Atlantic, whereby the corresponding low-level
convergence and upper-level divergence subsequently produce an intensification of the local Hadley circulation (Li et al.,
2014; Li et al.,, 2015). In doing so, upper-level convergence is enhanced at the descending branch of the Hadley cell
(Simpkins et al., 2014). This enhancement consequently intensifies the local Hadley circulation and becomes a vital source
of Rossby waves that propagate eastward with the climatological mean flow in the Southern Hemisphere (Figure 4c). This
Rossby wave source is clear over the South Atlantic (Figure 4c), and the corresponding Rossby wave will consequently
propagate to Australia and intensify the high pressure there (Figure 4a). In summary, anomalous deep convection in response
to increased SSTs in Tropical Atlantic drives anomalous divergence of the large-scale flow that extends away from the local
heating by modulating the Hadley and Walker circulations. This process has been discussed in detail by Simpkins et al.

(2014).

For North Atlantic, the warmer Atlantic heats the air above, thus forming a local high-pressure center in the upper
troposphere. This signal generates the Rossby wave source over the North Atlantic (Figure 4d). The corresponding Rossby
wave train will propagate from the west to the east with alternating high and lower pressure centers, which arrive in
Australia as a high-pressure anomaly (Figure 4b and 4d). This high pressure corresponds to descending motions over
Australia with drier and hotter air, unfavorable to cloud and rain formation. The southward propagation of Rossby waves
originating from the Atlantic is also supported by previous works (Miller et al., 2007; Zhao et al., 2019), which form the
basis of the teleconnection between the North Atlantic and Australia. Previous studies also indicate that the AMO can

modulate ENSO effects by the similar Rossby wave dynamics (Lin and Li, 2012; Nagaraju et al., 2018).
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4 Conclusions

Fire weather in Australia is closely related to the variability of ENSO. The correlation between them has been strengthened
in the recent two decades, yet the cause has not been fully clarified. By analyzing reanalysis datasets and conducting ocean
basin experiments using a global climate model, our study offers a plausible explanation that the AMO modulates the
ENSO-Australian fire weather relationship. The correlation coefficient between ENSO and the Australian Fire Weather
Index (FWI) increases from 0.17 to 0.70 when AMO transitions from negative to possible phases. Under positive AMO, El
Niflo conditions correspond to stronger temperature increase, precipitation decrease, stronger surface winds favorable for
wildfire generation, and vice versa. Physically, positive AMO, associated with warmer North and Tropical Atlantic SST,
forms a local low-pressure center, which propagates to the southwest as a Rossby wave train. This wave train arrives in
Australia as a higher-pressure anomaly, inducing descending air and leading to warmer and drier meteorological conditions
conducive to wildfire generation. These meteorological anomalies superimpose the positive ENSO-induced meteorological
changes and enhance the response of Australian fire weather to ENSO. Previous studies also point out that the positive AMO,
characterized by the basin-wide Atlantic warming, induces an Atlantic-Pacific sea surface temperature seesaw, strengthening
the Walker circulation over the Pacific (Chafik et al., 2016; McGregor et al., 2014; Wang et al., 2013). This strengthened
Walker circulation might also amplify ENSO’s effects on Australian FWI.

Compared with previous studies, this work sheds light on the teleconnection between AMO and Australian climate and fire
weather on the decadal scale. The Australian mega-fire in the austral spring of 2019 has been attributed to the El Nifio event,
positive southern annular mode, and the positive Indian Ocean Dipole event of the year (Abram et al., 2021; Nolan et al.,
2020; van Oldenborgh et al., 2021). Our study reveals that this year also corresponds to higher than normal Atlantic SST
(Figure S8), which may strengthen the Australian atmospheric response to the El Nifio event, further leading to prolonged
dry seasons and increased heat waves. Admittedly, the Pacific decadal variability (such as the Pacific Decadal Oscillation)
also plays an essential role in Australia’s climate (Power et al., 1999). However, previous research indicates that the Pacific
variability may be at least partly triggered by that of the Atlantic (Li et al., 2016; Ren et al., 2021), highlighting the vital role
of the latter in the Earth’s climate system. Note that another major decadal climate variability, the Interdecadal Pacific
Oscillation (IPO), also changed its phase in the late 1990s. We also investigated its modulation effect on ENSO and
Australian FWI but found it not as significant as that of AMO in both observation and simulation (Figures not shown). In the
future, we plan to investigate the impact of other ocean basins on Australian fire weather and the ENSO-Australian fire

weather relationship in the future.

Data availability
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The history Fire Weather Index (FWI) data is downloaded from fire danger indices historical data in Copernicus Emergency
Service (https://doi.org/10.24381/cds.0e89¢522). The meteorological reanalysis data is downloaded from ERAS5 monthly
averaged data in the climate data store (CDS) (https://doi.org/10.24381/cds.adbb2d47). The NCEP-NCAR Reanalysis 1 data

is downloaded from Physical Sciences Library (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html). The MERRA-2
data is downloaded from MDISC
(https://disc.gsfc.nasa.gov/datasets/ M2TMNXFLX 5.12.4/summary?keywords=MERRA2 100.tavgM 2d flx Nx and

https://disc.gsfc.nasa.gov/datasets/ M2TMNXSLV_5.12.4/summary?keywords=sMERRA2 100.tavgM _2d slv_Nx). = AMO
and Niflo 3.4 indexes are obtained from the NCAR climate data guide for the AMO index

(https:/climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo) and Nifio 3.4 index

(https://climatedataguide.ucar.edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni), respectively. The sea surface

temperature data is obtained from NOAA Extended Reconstructed Sea Surface Temperature (SST) V4
(https://psl.noaa.gov/data/gridded/data.noaa.ersst.v4.html) NOAA Extended Reconstructed Sea Surface Temperature (SST)
V5 (https://psl.noaa.gov/data/gridded/data.noaa.ersst.vS.html) COBE-SST 2
(https://psl.noaa.gov/data/gridded/data.cobe2.html), HadISST (https://www.metoffice.gov.uk/hadobs/hadisst/), and Kaplan
Extended SST V2 (https://psl.noaa.gov/data/gridded/data.kaplan_sst.html).
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Figure 1. (a) Scatter plots for detrended, standardized SON Nifio 3.4 index and the corresponding reanalysis mean Australia
FWI from 1981 to 2019. The red upward triangles represent positive AMO indices, while the blue circles represent negative
ones. The lines are linear fit lines. The correlation coefficient (R=0.71) corresponding to AMO+ passed the significance test
of p-value<0.05, while the other one did not. (b) The solid black line represents the sliding correlation coefficient between
detrended SON FWI in Australia and detrended SON Nifio 3.4 index with a sliding window of 10 years. The shaded arca
represents the annual AMO index. Red is positive, and blue is negative. All the correlation coefficients assume

autocorrelation to the time series.
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Figure 3. Regression coefficients of the ensemble mean detrended and normalized SON (a, d) T2M, (b, e) TP and (c, f)
SLP+U10+V10 onto detrended and normalized SON (a-c) Tropical Atlantic (10°-60°W, 0-20°N) SST and (d-f) North
Atlantic (10°-60°W, 25-45°N) SST in the OBE. The area with white dots passed the significance test of p < 0.05 by
Student’s #-test.
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Figure 4. (a-b) Regression coefficients of detrended and normalized SON 500 hPa GPH onto detrended and normalized
SON (a) Tropical Atlantic (10°-60°W, 0-20°N) and (b) North Atlantic (10°-60°W, 25-45°N) SST in the OBE. The red solid

465 lines represent the isolines from 0.2 to 1 with an interval of 0.2, and the blue solid lines represent the isolines from - 0.2 to -
1 with an interval of - 0.2. (c-d) 200hPa Rossby wave source anomaly in (¢) Tropical Atlantic OBE, and (d) North Atlantic
OBE. The area with white dots passed the significance test of p < 0.05 by Student’s #-test.
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