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ARTICLE INFO ABSTRACT

Keywords: An ensemble of forecasts is necessary to identify the uncertainty in predicting a non-linear
Ensemble mean system like climate. While ensemble averages are often used to represent the mean state and
ENSO diagnose physical mechanisms, they can lead to information loss and inaccurate assessment of

Indian summer monsoon
Teleconnection
CFSv2

the model’s characteristics. Here, we highlight an intriguing case in the seasonal hindcasts of
the Climate Forecast System version 2 (CFSv2). While all ensemble members often agree on
the sign of predicted El Nino Southern Oscillation (ENSO) for a particular season, non-ENSO
climate forcings, although present in some of the individual members, are disparate. As a result,
an ensemble mean retains ENSO anomalies while diminishing non-ENSO signals. This difference
between ENSO and non-ENSO signals significantly influences moisture convergence and Indian
summer monsoon rainfall (ISMR). This stronger influence of ENSO on seasonal predictions
increases ENSO-ISMR correlation in ensemble mean seasonal hindcasts. Thus, this discrepancy
in the ENSO-ISMR relationship is not present in the individual ensemble members, considered
individually or together (without averaging) as independent realizations. Therefore, adequate
care should be taken while evaluating physical mechanisms of teleconnection in ensemble mean
predictions that can often be skewed due to constructive or destructive superposition of different
impacts.

1. Introduction

Ensemble forecasting has become widely adopted for predicting inherently chaotic and non-linear systems like weather and
climate (Molteni et al., 1996; Palmer, 2000). This approach involves running a numerical prediction model multiple times with
different initial conditions or numerical atmospheric representations to address forecast uncertainty (Palmer, 2000; Leutbecher and
Palmer, 2008; Weisheimer et al., 2011). Moreover, ensemble averages of forecasts are commonly used to address systematic model
errors, quantify forecast uncertainty, and represent forecasts as anomalies. It is commonly (Toth and Kalnay, 1997; Hamill and
Colucci, 1997; Du et al., 1997; Ebert, 2001; Krishnamurti et al., 1999; Casanova and Ahrens, 2009; Singhai et al., 2020; Surcel et al.,
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2014) that the ensemble average/mean tends to outperform the majority or all of the individual ensemble members. Christiansen
(2018) attributed this difference to non-intuitive properties of high-dimensional spaces, such as the curse of dimensionality, and
demonstrated why the error of the ensemble mean is typically around 30% less than the typical error of individual ensemble
members (Gleckler et al., 2008; Sillmann et al., 2013; Flato et al., 2014).

The superiority of ensemble mean over individual ensemble members is attributed to the cancellation of random errors across
members and providing a better estimate of non-linear diagnostic quantities (Hagedorn et al., 2005) through non-linear filtering
effect (Toth and Kalnay, 1997; Surcel et al., 2014). The ensemble mean approach relies on the forecast value for a specific start time,
lead time, and target period (Christiansen, 2019). However, there can be challenges if a forecast ensemble mean is needed for start
times that are not included in the hindcasts or if the number of hindcasts is considerably smaller than the variance of the forecast
anomaly (Tippett et al., 2018). Despite these challenges, numerous studies have extensively utilized this method to evaluate the
model’s teleconnection patterns and forecast skill in simulating Indian summer monsoon rainfall (ISMR) (Kim et al., 2012; George
et al., 2016; Chattopadhyay et al., 2016; Attada et al., 2022; Ehsan and Singh, 2023; Singh et al., 2024).

The year-to-year variation of ISMR is primarily influenced by low-frequency variations in tropical sea surface tempera-
tures (Charney and Shukla, 1981), particularly related to El Nifio Southern Oscillation (ENSO) (Rasmusson and Carpenter, 1983;
Shukla and Wallace, 1983). However, the impact of these SST variations on monsoons can vary due to the inherent chaotic nature of
the climate system. Hence, ensemble forecasts become imperative to estimate the uncertainty associated with the ISMR predictions
and to evaluate the model performance in predicting monsoons. Many climate models participating in phases 1 and 2 of the North
American Multi-Model Ensemble (NMME), heavily rely on ENSO for predicting ISMR. Notably, some models in the NMME exhibit
an ENSO-ISMR relationship nearly twice as strong as observed (Singh et al., 2019). A study by Ramu et al. (2018) has shown that
many models of Coupled Model Intercomparison Project Phase 5 (CMIP5) show that the displacement of key circulation patterns,
including the anticyclone in the southeastern Indian Ocean and the cyclone in the western subtropical North Pacific, results in
greater advection of dry winds from West Asia towards the Indian subcontinent. Additionally, the models simulate stronger upper-
level convergence and lower-level divergence, which intensifies the suppression of the Indian monsoon during El Nifio events.
The National Centers for Environmental Prediction (NCEP) Climate Forecast system version-2 (CFSv2) model overestimates this
relationship (George et al., 2016; Chattopadhyay et al., 2016), potentially due to an underestimation of synoptic activity over the
Bay of Bengal in August, which amplifies the impact of ENSO on ISMR in the model (Das et al., 2022). Furthermore, the ENSO-ISMR
relationship in the CFSv2 might also be influenced by SST biases in the equatorial central Pacific and Indian oceans (Shukla and
Huang, 2016). (Krishnamurthy, 2018) suggested that the CFSv2 model has a problem capturing the air-sea interaction over the
Indian Ocean and low-level winds over the Indian region. Sabeerali et al. (2019) shows that CFSv2 has poor predictive skills in
forecasting the teleconnection between the Atlantic zonal mode and ISM.

Previous studies have highlighted that in CFSv2, ISMR variability is primarily determined by ENSO, whereas in observations,
other factors (such as Indian Ocean Dipole (IOD) and Atlantic Tropical Variability (ATL)) also play significant roles (Kim et al.,
2012; Shukla and Huang, 2016; He et al., 2022; Rajendran et al., 2021; Behera et al., 1999; Ashok et al., 2001; Kucharski et al.,
2007; Sabeerali et al., 2019). However, in our previous work (Singhai et al., 2023), we noted an interesting observation that El
Nifio related droughts in the CFSv2 model represent only one-third of occurrences, while in observations, they make up two-thirds.
This observation prompted us to investigate the ENSO-ISMR relationship further. Since numerous previous studies analyzed the
model’s teleconnection patterns using the ensemble average of the forecast (Kim et al., 2012; Shukla and Huang, 2016; He et al.,
2022; Rajendran et al., 2021), relying solely on this approach could lead to the loss of valuable information embedded within the
individual ensemble forecasts. A study by Christiansen (2019) highlights that there is a tendency for the ensemble mean to converge
towards the median error of all ensemble members, indicating that it may not fully capture the variability and valuable information
present in individual forecasts. Moreover, the study also shows that, for certain lead times, the ensemble mean approach might
result in a loss of important details contained within the individual forecasts, especially in regions with high variability. Hence,
the primary focus of this study is to evaluate whether using the ensemble mean approach accurately captures the model’s behavior
in simulating ISMR teleconnection patterns. Instead of analyzing each ensemble member individually, we have chosen to consider
all ensemble members collectively to better represent the model’s teleconnection patterns. Additionally, we aim to identify any
differences in the ensemble mean characteristics when assessing the ENSO-ISMR relationship, compared to analyzing all ensemble
members together.

2. Model description, experimental design, and observational data sets

We utilize the NCEP CFSv2 model, a fully coupled system. It comprises the NCEP Global forecast system model with triangular
truncation at 126 waves and 64 vertical levels, coupled to the Geophysical Fluid Dynamics Laboratory Modular Ocean Model version
4, the four-layer Noah land surface model, and the two-layer sea ice model (Saha et al., 2014). The horizontal resolution in grid
space is equivalent to 0.91°. The model simulation is performed at the computing platform of Council for Scientific and Industrial
Research (CSIR) Fourth Paradigm Institute, Bengaluru, following the experimental setup used by Rajendran et al. (2021), Singhai
et al. (2023). The model is integrated for nine months using five different initial conditions (ICs) for the period of 1979-2016. The
initial conditions include OOUTC of 21 April (member 1), 26 April (member 2), 1 May (member 3), 6 May (member 4), and 11
May (member 5). This is referred to as “Model 1” or M1 in this study. These initial conditions are chosen because we intend to
consider late April/early May initial conditions, as these have been shown to provide the highest ISMR forecast skill for the CFSv2
model (Rajendran et al., 2021; Pillai et al., 2022). Given the limited number of initial conditions available for model M1, we validate
its results by comparing them with those of “Model M2” or M2, which comprises 124 ensemble members initialized every fifth day
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from 1 January to 31 May. These M2 ensemble members are initialized from CFS-based initial conditions and cover the period from
1982 to 2010, with four reforecasts per day (00, 06, 12, 18 UTC) as documented by Saha et al. (2010).

In order to determine the difference in characteristics between the ensemble mean and the model’s actual behavior, we treat
each ensemble member as a distinct entity and aggregate them together to form AM (“All Members”). AM is defined as the set
of all ensemble members. Here, we have integrated five ensemble members of model M1 for the period of 1979-2016 (38 years).
Therefore, AM consists of 190 years of data obtained by combining 38 years of data from five ensemble members (38 years x 5
ensemble members). A mathematical expression of the AM for any variable (like ISMR, ENSO, or the ATL index) is provided below:

AM = {Var,-’j |i=1,...,5 (C per year), j = 1,...,38 (years)}

where the index i represents the initial condition and j represents the years.
EM represents the ensemble mean, calculated by averaging the variable across all ensemble members (m).

M
1
EM = HWZ:’IVarm

The anomalies for each ensemble member are calculated by subtracting the respective climatology of each ensemble member.
It is noted that the climatological mean is the same for both EM and AM, derived as the average of the values of a variable from
1979 to 2016 for each ensemble member individually (Supplementary Figure 1).

The ISMR (P) for any member m can be written as a linear combination of various SST (T') variabilities, such as ENSO, IOD, and

ATL, as follows:
F

Py =Cont Y CruTyy )
f=1

where Ty is the fth SST forcing (such as ENSO, IOD, ATL indices). Cy,, are regression constants that measure the relative
contributions of different SST variability to precipitation. The term C,, can be neglected by removing the climatological mean
from each ensemble member.

If there are M members in an ensemble prediction system, the above-mentioned equation is applicable individually to each
ensemble member to calculate the simulated ISMR of that member. Thus, EM precipitation can be written as:

P=

Sk
Mz

P (2)

m=1

By substituting the value P,, from Eq. (1) into Eq. (2), we obtain

M F

lefZ_lcfmT,m (3)
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o w |

where C; represents the ‘mean’ coefficient for the forcing f and is assumed to be independent of the ensemble member m. This
assumption is valid as we are averaging over the same model’s ensemble members with similar characteristics of different forcings
across simulations. Thus, the ensemble mean (EM) ISMR represents the combined effect of the mean SST forcing derived from each
ensemble member and can be computed as follows.

F
P=Y T, ®)
f=1

P =

S

where T, represents the ensemble mean SST forcing.
| M
Ty =5 2 Trm
m=1

The behavior of the ensemble mean value of ISMR (P) may vary significantly from the actual ISMR behavior of the model. This
discrepancy arises because P is influenced by the mean SST forcings (T';) rather than the actual SST forcing inherent in all ensemble
members (1), which is accountable for the interannual variation of ISMR. We will delve deeper into this in the results section.

For comparing model results against observations, we use the June-September (JJAS) averaged Extended reconstructed sea
surface temperature ERSST version 5 data (Huang et al., 2017) to calculate the ENSO and ATL index. The India Meteorological De-
partment (IMD) monthly mean gridded rainfall dataset with a spatial resolution of 1° x 1° is used to calculate ISMR index (Rajeevan
et al., 2006). JJAS average Global Precipitation Climatology Project (GPCP) data is also utilized to depict changes in precipitation
over land and ocean (Huffman et al., 2009).
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Index calculation

The area-averaged rainfall over the region (7.5°-27.5° N, 70°-90° E) during the boreal summer monsoon season is used to define
ISMR (Parthasarathy et al., 1994). For ISMR computation, only land grid points are considered. The ENSO index is the area-average
SST anomaly over the Nifo 3.4 region (5° S-5° N, 170° W-120° W). SST anomaly greater (less) than 0.5 °C (-0.5 °C) is classified
as El Nifio (La Nifia). The ATL is defined as the averaged SST anomaly over a region (20° S-Eq, 30° W-20° E) (Kucharski et al.,
2008, 2007). The positive (negative) phases of ATL are identified when the JJAS averaged values exceed one (less than minus one)
standard deviation. The relationship between these variables may vary depending on the dataset and time-period used (Cash et al.,
2015; Ehsan et al., 2023).

Likelihood histogram

The likelihood histogram displays the distribution of ensemble members exhibiting coherent behavior, with a threshold of 0 °C
for both the ENSO and ATL indices. For a particular year, we determine the maximum number of ensemble members showing the
same sign of anomaly (>0 or <0). For instance, years where all five ensemble members showed either a positive or negative ENSO
index are grouped in bin 5, while the 4 and 3 contained years with fewer coherent members.

3. Results

ENSO has a strong relationship with ISMR, with a correlation coefficient of —0.58, as shown in Fig. 1a. However, the majority of
the climate models, including CFSv2, overestimate the impact of ENSO on boreal summer monsoon rainfall, as reported in previous
studies (Kim et al., 2012; Shukla and Huang, 2016; He et al., 2022; Rajendran et al., 2022). These studies often use the ensemble
mean method to examine the teleconnection patterns in the seasonal and sub-seasonal prediction systems. Although this method
effectively reduces the random variations or “noise” inherent in ensemble forecasts, it also results in the loss of important information
embedded in individual ensemble members.

Fig. 1a also shows the correlation coefficient (CC) between ENSO and ISMR examined in model M1 and M2 through two
approaches: ensemble mean (EM, red bars) and combining all members together (AM, yellow bars). This comparison aims to
discern the contrasting characteristics of both methods for Model 1 (M1) with 5 ensemble members and Model 2 (M2) with 124
ensemble members. It is important to highlight that there is a significant difference in the ENSO-ISMR relationship computed from
these two methods for both models, M1 and M2. For instance, it is worth noting that the correlation coefficient calculated by
combining all members, AM (CCy;; = —0.55 and CC,;, = —0.58) is comparable to that seen in the observation (CC = —0.58).
However, the relationship is greatly overestimated for the ensemble mean approach, EM, resulting in a notably high correlation
coefficient of —0.7 for model M1 and —0.88 for model M2. Using the t-test, the correlation coefficients of models M1 and M2 for AM
and EM are different at the 95% significance levels. Moreover, the difference in the correlation coefficient between EM and AM is
more pronounced for model M2, which features a considerably greater number of ensemble members compared to model M1. This
indicates that the characteristics of the ENSO-ISMR relationship in the ensemble mean (E M) significantly differ from those when all
members are taken into account (AM). In addition, our primary finding concerning the difference in the ENSO-ISMR relationship
between the EM and AM methods remains robust and consistent regardless of the number of ensemble members used in models
M1 and M2. This highlights the robustness of our results despite the potential impact of the number of ensemble members on the
efficacy of the ensemble average method.

Fig. 1b-i displays the spatial patterns showing the response of ENSO to ISMR for observation (Fig. 1b), all members together
(AM, Fig. 1c), ensemble mean (EM, Fig. 1d), and the individual ensemble members of model M1 (Fig. 1e—i). Negative correlation
coefficient values mark the entire Indian region in all three cases. However, these values are significantly higher for the ensemble
mean than for observation, all members, and individual ensemble members. Moreover, the AM values appear to be similar to the
observations, particularly over the Western Ghats. The negative values of the CC in the ensemble mean mainly concentrate on the
western ghats and northern parts of the Indian region, particularly over the Indo-Gangetic belt (Fig. 1c). To understand the reason for
such high negative values in the ensemble mean, the bottom panel shows the ENSO-ISMR relationship for the individual ensemble
members. It is worth noting that the response of ENSO to ISMR varies significantly among ensemble members, ranging from —0.37 to
—0.62. Member 1 displays the weakest ENSO response to ISMR with a CC of —0.37. In contrast, other members show a considerably
strong relationship, albeit weaker than the ensemble mean. In addition, the negative CC among the ensembles, particularly for
members 2, 4, and 5, are heterogeneously clustered over northern India. As a result, when computing the ensemble average across
members, the negative values are superimposed in such a way that enhances the ENSO-ISMR relationship in the ensemble mean
compared to individual members.

To illustrate that the disparity in characteristics is not due to data subsampling, Fig. 2a shows the probability distribution of
the ENSO-ISMR correlation coefficients. This distribution is generated through bootstrapping by randomly selecting 38 years from
the 190 reforecast (38 years x five initial conditions). This process is randomized and repeated over 1000 times. Interestingly,
the maximum likelihood of getting the correlation coefficient between ENSO-ISMR is —0.55 (i.e., the mode value), which closely
aligns with the correlation observed for AM and observation (Fig. 1a). Furthermore, the ENSO-ISMR correlation of four out of the
five ensemble members of model M1 is clustered around the mode value of the pdf. The probability of obtaining the correlation
coefficient of the ensemble mean (CC = —0.7, indicated by the red diamond) is much lower than that of the CC computed using all
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Fig. 1. (a) The bar plot illustrates the relationship between ENSO and ISMR for the observation, as well as the CFSv2 models M1 (with 5 ensemble members)
and M2 (with 124 ensemble members). This relationship is depicted using both all ensemble members (AM) with 95% confidence band, and the ensemble
mean (EM) of the CFSv2 seasonal hindcasts. Correlation coefficient (CC) values outside this interval are considered statistically significant. (b-h) The spatial
distribution of the correlation coefficient between the ENSO index and precipitation over the South Asian region. Panel (b) represents the observation, panel
(c) shows all member (AM), and (d) ensemble mean (EM), and panels (e-i) present the correlation for all five individual ensemble members of model M1 (21
April (Mem 1), 26 April (Mem 2), 1 May (Mem 3), 6 May (Mem 4), and 11 May (Mem 5)). The inset value in (b-h) is for the correlation coefficient (CC)
between ISMR and ENSO index for 1979-2016.
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Fig. 2. (a) The probability density function (PDF) of the correlation coefficient (CC) between ENSO forcing and Indian summer monsoon rainfall (ISMR). This
distribution is generated through bootstrapping by randomly selecting a 38-years from a total of 190 years of reforecast. This process is randomized and repeated
over 1000 iterations. Additionally, the CC values for the observation, the ensemble mean, and all five individual ensemble members (21 April (Mem 1), 26
April (Mem 2), 1 May (Mem 3), 6 May (Mem 4), and 11 May (Mem 5)) for the period of 1979-2016 are also indicated as markers. (b) The bar plot shows
the ENSO-ISMR relationship when all 5 and less than 5 ensemble members exhibit the same sign of ENSO anomalies for AM with 95% confidence band, and
EM. Correlation coefficient (CC) values outside this interval are considered statistically significant. The year distribution of the cases where there are 5 and <5
members having the same sign of ENSO anomalies are shown in Fig. 3.

ensemble members, AM (CC = —0.55). This confirms that the ENSO-ISMR characteristics differ significantly between the EM and
AM cases, and this discrepancy is not a result of data subsampling.

To investigate the cause of the differing response of the ENSO monsoon relationship between the ensemble mean (EM) and all
members together (AM), we generate a histogram illustrating the nature of the ENSO forcing (i.e., the sign of the area-averaged SST
anomalies over the Nifo 3.4 region) across various ensemble members of the model M1, as shown in Fig. 3a. Our analysis shows
that there is a high probability (around 66%) of obtaining the same sign of Nifio 3.4 3.4 SST anomaly (either Nifio 3.4 > 0 or Nifo
3.4 < 0) for a given season across all ensemble members. This substantially strengthens and retains the ENSO signal in the ensemble
mean, resulting in a robust ENSO-ISMR relationship in the ensemble mean. This is demonstrated by a strong correlation coefficient
of —0.77 among the members displaying coherent signs of the ENSO forcing, as shown in Fig. 2b. On the contrary, the influence of
members exhibiting incoherent signs of Nifio 3.4 SST anomaly (<5) is minimal (CC_s = —0.08, Fig. 2b). Hence, their contribution to
the ensemble mean is also insignificant. This suggests that the strong ENSO-ISMR relationship in the ensemble mean of the CFSv2
model is primarily governed by the greater number of ensemble members exhibiting the same sign of ENSO signal for a given season.
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Fig. 3. The histograms show the distribution of the maximum number of ensemble members exhibiting the same signs of an SST anomaly for (a) ENSO Index
(Nifio 3.4) and (b) Atlantic tropical variability Index (ATL).

Furthermore, we perform the same analysis for all ensemble members together instead of performing the ensemble mean. We find
that the ENSO-ISMR relationship for incoherent members (<5) is weaker for the ensemble mean compared to when all members
are considered. Conversely, this is not observed in the case of coherent members. This could be attributed to the offsetting effects
of the varying responses of ENSO among different ensemble members for the <5 case. Conversely, when considering non-ENSO
forcing, such as ATL, the probability of all five ensemble members showing the same sign is considerably lower compared to the
ENSO forcing (Fig. 3b). This discrepancy may be attributed to nonlinear processes occurring over the Atlantic Ocean in the model,
leading to varying behaviors among ensembles. Thus, in the case of non-ENSO forcing, despite its presence in individual members,
it demonstrates considerable variability, leading to the attenuation of non-ENSO signals in the ensemble mean.

Tropical climatic events, such as ENSO and ATL, tend to perturb the surface pressure patterns surrounding the Indian region,
leading to changes in the incoming and outgoing moisture fluxes (Chakraborty and Singhai, 2021). These fluxes, primarily from
the Arabian Sea (Fy ) and the Bay of Bengal (Fy), play a vital role in driving atmospheric convection over India during the boreal
summer monsoon season. Fig. 4 shows a scatter plot highlighting the difference in the response of ENSO and ATL forcing to moisture
fluxes among members exhibiting coherent and incoherent (<5) signs of forcing (similar to Fig. 3). Here, we focus on dominant
moisture fluxes such as Fj, which is crucial in regulating ENSO-driven rainfall in the CFSv2 model (Supplementary Figures 2a and
2b, also shown by Singhai et al. (2023). Similarly, Fy;, plays a dominant role in driving rainfall during ATL events (Supplementary
Figures 2c and 2d). We observe that the correlation between ENSO and F, is higher in years when all members exhibit a coherent
sign of ENSO (CC = 0.84) compared to those with incoherent sign members (CC = 0.42). Hence, the impact of Fy on the ensemble
mean is stronger when all members exhibit coherent signs, while its influence diminishes for incoherent sign members. Moreover, as
depicted in Fig. 4b, it is evident that the variability of ENSO forcing is significantly reduced in the case of incoherent sign members
than members with coherent signs. It is due to the incoherent signs of ENSO forcing in the individual ensemble members, which
counterbalance each other, leading to reduced variability of the ENSO signal. However, the impact of ENSO on Fy, is weaker for
both coherent and incoherent sign members (Supplementary Figure 3).

As depicted in Fig. 3b, the number of members with coherent signs is lower for ATL than for ENSO. As a result, the impact of
ATL in the ensemble mean is reduced compared to ENSO. This reduction in ATL forcing leads to a weaker response, as shown in
Fig. 4c and 4d. The impact of ATL on Fj, is greater for coherent sign members than for incoherent ones, but it is weaker than the
impact on Fy, (Supplementary Figure 4). Moreover, similar to ENSO, the impact of ATL forcing on Fy, is more pronounced when
all members have the same anomaly sign, as opposed to incoherent sign members. This emphasizes that disparity in the impact of
ENSO and ATL forcing on moisture fluxes between the ensemble mean and all ensemble members is primarily influenced by the
number of ensemble members exhibiting coherent forcing signs.

Fig. 5 illustrates the response of rainfall to positive and negative phases of ENSO and ATL for both ensemble mean and all
ensemble members together. The relationship between El Nifio (La Nifia) events and ISMR is observed to be different in the ensemble
mean compared to all members. In the ensemble mean, nearly all El Nifio (La Nifia) events lead to a decrease (increase) in ISMR.
However, this behavior is not observed when all members are taken into account, which is similar to observation. Hence, the model
accurately simulates the response of positive and negative ENSO phases to ISMR when considering all members compared to the
ensemble mean. This difference is attributed to the strong ENSO-ISMR relationship observed in the ensemble mean, which results
from a higher number of members exhibiting the coherent sign (as shown in Fig. 3a), thereby amplifying the ENSO signal in the
ensemble mean. Conversely, similar to ENSO events, the rainfall variability sharply decreases in the ensemble mean compared to
all ensemble members during ATL events. This could be attributed to the suppressed effect of ATL forcing due to the negation of
the ATL signal caused by members having opposite anomaly signs.
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Fig. 4. The scatter plots show the relationship between the ENSO index and moisture flux over the Bay of Bengal (F;) when there is a maximum of (a) five
and (b) less than five ensemble members with the same signs of ENSO anomaly. Similarly, in plots (¢, d), we examine the relationship between ATL index and
moisture flux over the Arabian Sea (Fy,) for these two cases. The whiskers denote the extreme values of the ENSO and ATL anomalies. To quantify the impact
of ATL, we regress out the impact of ENSO from total moisture fluxes (explained in Supplementary Note 1).

4. Summary and discussions

Previous research has noted that the CFSv2 model, like many other climate forecast models, is subject to the strong influence
of ENSO on ISMR (Kim et al., 2012; Shukla and Huang, 2016; He et al., 2022; Rajendran et al., 2021). Given this observation, it
raises the question of why El Nifio-related droughts in the CFSv2 are limited to one-third, whereas they account for two-thirds
in observations (Singhai et al., 2023). Since numerous previous studies employ an ensemble mean approach to analyze ISMR
teleconnection patterns, this method could neglect valuable information, such as inherent variability embedded within individual
ensemble members. This could result in an overestimation of the model’s teleconnection patterns. Therefore, in this study, we aim to
investigate whether employing the ensemble mean approach accurately portrays the model’s ability to simulate ISMR teleconnection
patterns. Instead of analyzing individual ensemble members separately, we have chosen to evaluate all ensemble members together
to represent the model’s actual behavior in capturing the ENSO and ISMR relationship. Our analysis suggests that such a strong
ENSO-ISMR relationship is primarily identified in the ensemble mean, which is not apparent when all ensemble members are taken
into account. Hence, we aim to discern the underlying mechanisms contributing to the differing response of ENSO to ISMR in the
ensemble mean compared to all ensemble members together.

This difference in the ENSO-ISMR relationship between the ensemble mean and all ensemble members is attributed to a change in
the variability of SST forcing and its response to ISMR between ensemble members. In CFSv2, a higher number of ensemble members
concur on the sign of the predicted ENSO signal for a particular season, thereby enhancing the ENSO signal and its associated ISMR
response in the ensemble mean. Despite non-ENSO climate forcing being present in the individual ensemble members, it shows
significant variability among them, leading to the suppression of the signal in the ensemble mean.
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Fig. 5. The box plot shows the ISMR response to positive and negative phases of ENSO (El Nifio and La Nifia) and ATL (Warm-ATL and Cold ATL) forcing for
all members (AM, green) ensemble mean (EM, red). The horizontal middle lines in the box plot indicate the median values. The box shows the interquartile
range. The whiskers and triangle denote extreme and mean values, respectively.

In this study, we have not extended our findings to evaluate the role of ENSO in governing the year-to-year variation of other
atmospheric phenomena in the CFSv2 model. However, a preliminary set of analyses (Supplementary Fig 5) investigating the
difference in the role of ENSO in modulating West African summer monsoon rainfall (WASM) between the ensemble mean and all
ensemble members confirms the findings above. Here, EM underestimates the ENSO-WASM relationship (CC = —0.42) compared
to observations (CC = —0.5), unlike the ENSO-ISMR case where EM overestimates the relationship. Furthermore, the AM value
(CC = -0.33) is weaker than EM, similar to the ENSO-ISMR relationship. Our theory holds good for seasonal predictions as the
ensemble members are likely to be close together in representing the climate. It does not work, for example, in free runs of coupled
models, as phases of ENSO (time of appearance) do not match between runs.

Our study highlights the significance of examining all ensemble members together to gain a comprehensive understanding of
a model’s behavior in simulating the teleconnection patterns rather than solely relying on the ensemble mean approach. Although
the ensemble mean is used to identify the predictable signal in the climate system, it might not be the most suitable for diagnosing
the model’s characteristics. Here, we note the discrepancy in the ISMR teleconnection between the ensemble mean and all members
observed within the CFSv2 model. However, this analysis has the potential to be expanded to investigate various physical processes
in other climate models. We plan to address this in the subsequent study.
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