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Using Selected Members of a Large Ensemble to Improve Prediction of Surface Air Temperature Anomalies Over Japan in the Winter Months From Mid-Autumn
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A large ensemble of 120 predictions of the Scale Interaction Experiment-Frontier Research Center for Global Change Version 2 (SINTEX-F2) coupled general circulation model were evaluated for their skill in predicting the surface air temperature (SAT) anomalies over Japan in the winter months December, January, and February. The predictions were initialized using November initial conditions. The members with skill scores based on anomaly correlation coefficient (ACC) were selected and an average of the selected predictions (SEM) was generated. Comparison of SAT anomaly predictions by the average of all the 120 members (ENS) to the SEM predictions shows SEM to outperform the ENS predictions in all the three winter months with higher ACC skill score, higher hit rate and low false alarm rate over the regions covering central Japan in December and January and over the northern region of Hokkaido in February. The improvement in the skill scores in the SEM is found to be due to improved representation of 200 hPa geopotential height anomalies in SEM compared to ENS predictions. The results indicate SEM to be useful for improving skill in predicting SAT anomalies over parts of Japan in the winter months.
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INTRODUCTION

Variability of surface air temperatures (SAT) in the winter months (December, January, and February) over Japan has wide ranging implications on various sectors such as agriculture, energy and sports, which directly affect the economy of Japan (Doi et al., 2020). Providing reliable predictions of seasonal SAT variations could therefore lead to substantial economic benefits. However, the prediction of SAT over Japan in the winter months is challenging due to the pronounced internal variability of the atmosphere compared to the external forcing from the slowly varying sea surface temperature and soil moisture. Due to this low signal-to-noise ratio, the anomaly correlation coefficient (ACC) skill of most state-of-the-art dynamical models in predicting the winter months variability is very low (Becker et al., 2014; Doi et al., 2016; Takaya et al., 2017, 2018; Johnson et al., 2019).

Often, an ensemble of model predictions is generated by slightly varying atmospheric and oceanic model initial conditions to reduce the uncertainty in the predictions. In recent years the focus has been on increasing the ensemble size of model predictions to increase the skill in regions with low signal-to-noise ratio (Chen and Lin, 2013; Scaife et al., 2014; Doi et al., 2019). Large ensembles are found to increase the skill of predicting extreme events (Doi et al., 2019) which in turn helps improve the predictions at monthly and seasonal time scales. A simple average of all the predictions of a large ensemble (ENS hereafter) is usually calculated and is typically more skillful and reliable than predictions by individual ensemble members (Palmer and Anderson, 1994). However, several studies (Qi et al., 2014; Nishimura and Yamaguchi, 2015; Scher and Messori, 2019; Ratnam et al., 2021) have shown that evaluating the skill and reliability of individual members and generating a mean of those selected members (SEM hereafter) outperforms the ENS predictions. Qi et al. (2014) and Nishimura and Yamaguchi (2015) found such a technique to be useful for improving the track forecasts of tropical cyclones. Scher and Messori (2019) found the SEM technique to be useful in increasing the lead-time of useful predictions for extreme wind storm events. The SEM technique has been successfully used to improve the Scale Interaction Experiment-Frontier Research Center for Global Change Version 2 (SINTEX-F2) (Doi et al., 2016, 2017) SAT predictions over various regions of Japan in the summer months (Ratnam et al., 2021). The SEM technique is analogous to various other methods (e.g., Lee et al., 2011) which use selected members of a large ensemble to improve predictions.

In this study we extend our earlier study (Ratnam et al., 2021) to verify if SEM can be used to improve the prediction of SAT anomalies over Japan in the winter months December, January, and February. We use a large ensemble, consisting of 120 members of SINTEX-F2 (Doi et al., 2019) and select members with robust ACC skill score for the SEM. We apply the SEM method to generate an SAT anomaly distribution for each grid point covering the landmass of Japan. Applying the SEM technique to all grid points allows identifying the regions where SEM can improve SAT predictions.



MATERIALS AND METHODS

A large ensemble of 120 predictions of the SINTEX-F2 prediction system were first analyzed for their robustness in predicting the SAT in the winter months at each grid point covering the landmass of Japan. The skillful members over each grid point are then averaged to generate SEM at the grid points. In this study, we used the SINTEX-F2 predictions, initialized from 1st to 9th November, for the winter months December, January, and February covering the period 1983/84 to 2019/20 (37 years). The predictions for December, January, and February correspond to 1–3 month lead predictions from early November initial conditions.

The SINTEX-F2 seasonal prediction system is based on an ocean-atmosphere-land-sea ice coupled model (Masson et al., 2012; Sasaki et al., 2013) with the atmospheric component ECHAM5 (Roeckner and Coauthors, 2003) at a horizontal resolution of T106 (~100 km) with 31 vertical levels; the Océan Parallelisé, version 9 (OPA9; Madec, 2008) with a horizontal resolution of 0.5 deg with 31 vertical levels as the oceanic component and the sea-ice model Louvain-la-Neuve, version 2 (LIM2; Fichefet and Morales Maqueda, 1997) as the sea-ice component. The three components are coupled using the Ocean Atmosphere Sea Ice Soil, version 3 (OASIS3; Valcke et al., 2004) coupler. Information is exchanged between the model components every 2 h with no flux correction. The 120 ensemble members were generated in the following way. First, 12 members of the SINTEX-F2 predictions issued on 1st November are generated using two kinds of observational SST datasets and three large negative feedback values for the SST-nudging scheme with the ocean 3DVAR in the initialization phase (Doi et al., 2017) and two different modeling ways for the ocean vertical mixing induced by small vertical-scale structures (Sasaki et al., 2013). The ensemble size is increased from 12 to 108 by using the lagged average forecasting (LAF) method, i.e., by initializing predictions on each day from November 2 through November 9 (Doi et al., 2019). We also added 12 members from a prediction ensemble that only uses SST-nudging to generate the initial conditions, without using 3DVAR (Doi et al., 2016). Details of the methodology and validation of the system can be found in Doi et al. (2016, 2017, 2019).

The most skillful members to be used in the SEM are identified using the ACC between the SINTEX-F2 predicted SAT anomalies and the Global Historical Climatological Network Version 3 and the Climate Anomaly Monitoring System (GHCN-CAMS; Fan and van den Dool, 2008) SAT anomalies. GHCN-CAMS, a product of the Climate Prediction Center/National Centers for Environmental Prediction, USA, is a gridded data at 0.5° × 0.5° horizontal resolution. The anomalies of SINTEX-F2 predictions are calculated by removing the monthly mean climatology of each member from their respective predictions at each lead time. The period 1983/1984 to 2019/2020 is taken as the base period for calculating the monthly climatology for both the SINTEX-F2 and GHCN-CAMS datasets. The SINTEX-F2 predictions are linearly interpolated to the GHCN-CAMS grid to facilitate comparison.

We used bootstrapping (Efron and Tibshirani, 1994) with replacement, by keeping the forecast and observation pairs together (Mason, 2008), to calculate the ACC to identify the skillful members of SINTEX-F2 in predicting SAT at each grid point. Bootstrapping is useful for short time series like ours, which only covers 37 years. The “boot” package (Davison and Hinkley, 1997; Canty and Ripley, 2021) of R, a software environment for statistical computing and graphics (R Core Team, 2021) is used for calculating ACC. A bootstrap sample of 10,000 with replacement is used for the calculation. The bias-corrected and accelerated (BCa) bootstrap interval is used to estimate the confidence intervals at the 95% level. The BCa method corrects for both bias and skewness of the bootstrap parameter estimators. A member is considered robust when both the lower and upper limit of the confidence intervals are positive.

The predictions of SAT anomalies for the winter months (December, January, and February) for each year from 1983/84 to 2019/20 (37 predictions) are generated using SEM after identifying the members with robust skill. The SEM is more skillful if its members are selected based on several training data sets. We used the leave-one-out technique to generate 36 training datasets for testing the stability of the identified members with robust skill. First, the year for which SAT is to be predicted is set aside so that the predictions of that year do not affect the ACC in identifying the skillful members and the data of the remaining 36 years is used for identifying the skillful members. We generated 36 training datasets by removing 1 year at a time from the 36-year dataset. The ACC between the SINTEX-F2 and GHCN-CAMS surface air temperature anomalies is calculated for each training period at each grid point. For a given grid point, the members that are selected in all 36 leave-one-year-out experiments are selected for the SEM at that grid point. The members so identified are used for generating SEM prediction of SAT anomalies over the grid point in the year set aside. For example, say we want to predict the SAT anomalies over all the grid points in December 1983 using SEM. We set aside 1983 and we are left with 36 years 1984 to 2019. Leave-one-year-out is used repeatedly to generate 36 training data sets covering the years 1984 to 2019. Skillful members over the grid points are identified for each leave-one-year-out training dataset. The members which are common over a grid point in all the 36 leave-one-year-out experiments are used to generate the prediction of SAT anomalies for 1983 at that grid point. This process is repeated to cover all the grid points covering the landmass of Japan. Figures 1A–F show the spatial distribution of mean and standard deviation of the number of SINTEX-F2 members contributing to SEM in December, January, and February. Figure 1 indicates that very few of the 120 SINTEX-F2 predictions are robust in predicting the SAT over Japan in the winter months. In December about 9–10 members of SINTEX-F2 contribute to the SEM over the central parts of Japan on average and about 3–6 members over the rest of Japan (Figure 1A). In January and February on average only 2–4 members contribute to the SEM over most parts of Japan (Figures 1C,E). The standard deviation is about 1–2 members in all the months (Figures 1B,D,F). The procedure we followed is designed to ensure that the testing subset used to generate the forecasts for the period 1983/84 to 2019/20 and the training subset are independent. i.e., the testing subset is unseen by the training process. This procedure is ideal for the real time forecasting where the data for the year for which SEM is to be applied is unknown in advance. The SEM technique can be considered as a statistical post-processing of the SINTEX-F2 model forecasts, adding value to the SINTEX-F2 forecasts, and the SEM forecasts are not independent forecasts. Thus, the conventional method of keeping the members constant for the forecasts throughout the years does not strictly apply here.
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FIGURE 1. Spatial distribution of mean and standard deviation of number of members contributing to the SEM predictions in December (A,B), January (C,D), and February (E,F), respectively.




RESULTS AND DISCUSSION


Predicted ENS and SEM Surface Air Temperature Anomalies

The spatial distribution of anomaly correlation coefficients (ACC) of ENS and SEM with GHCN-CAMS anomalies is shown in Figure 2. It is evident from Figures 2A–F that the SEM predictions have higher ACC skill score compared to ENS over most regions of Japan in all the 3 months. The ACC values of ENS are below 0.4 over Japan in all the 3 months December, January, and February (Figures 2A,C,E) except for a small region in January over Hokkaido (northernmost of Japan's four main islands), which has ACC values between 0.4 and 0.5 (Figure 2C). The ACC values are slightly improved in SEM predictions in December with values ranging between 0.4 and 0.5 over central parts of Japan, parts of western Japan and Hokkaido (Figure 2B). The ACC values are between 0.2 and 0.3 over central parts of Japan in ENS predictions (Figure 2C) in January, which are improved to values between 0.5 and 0.6 in the SEM predictions (Figure 2D). However, the ENS predicted values (Figure 2C) have higher ACC skill score over Hokkaido compared to the SEM (Figure 2D) in January. In February, the SEM predictions (Figure 2F) over Hokkaido show large improvements compared to the ENS predictions (Figure 2E), with ACCs improved from a range of 0.1–0.2 to 0.5–0.6. Over central and western Japan the improvement in ACC values is about 0.2. The contiguous regions over which SEM has higher ACC values compared to ENS are marked in Figure 2 as Reg[1–3]. The differences in ACC values between SEM and ENS in regions Reg2 and Reg3, which have z-score of 1.43 and 1.85 at the lower range of ACC values, are significant at the 90% significance level using a one-sided right-tailed test.


[image: Figure 2]
FIGURE 2. Spatial distribution of ACC between GHCN-CAMS and (A) ENS and (B) SEM in December. Panels (C,D) and (E,F) same as (A,B) but for January and February, respectively. Reg[1-3] correspond to the regions with higher ACC skill score in SEM compared to ENS.


The spatial distribution of RMSE (Figures 3A–F) of SAT anomalies, indicates that both ENS and SEM predictions have errors exceeding 1°C in all the 3 winter months over most parts of Japan. The RMSE values are not very different between ENS and SEM predictions. However, the regions which have improved (deteriorated) ACC values in SEM compared to ENS (Figure 2), have a slight reduction (increase) of about 0.1 to 0.2°C in RMSE (Figures 3A–F).


[image: Figure 3]
FIGURE 3. Same as Figure 2 but shows spatial distribution of RMSE (°C) of SAT anomalies.


To further analyze the differences between ENS and SEM predictions of SAT, inter-annual variation of SAT anomalies in the 3 winter months averaged over regions Reg[1-3] are plotted (Figure 4). Figure 4 shows the ensemble spread of the SAT anomalies from all the 120 members (gray lines) of SINTEX-F2 over the period of study along with the SAT anomalies of validation dataset GHCN-CAMS (black line), Persistence (orange line), ERA-5 reanalysis (dark blue line), ENS (violet line) and SEM (red line). As evident from Figure 4 the GHCN-CAMS dataset, which is extensively used in the study as a validation dataset, does not differ much from the ERA-5 reanalysis (Hersbach et al., 2020) dataset, increasing confidence in our results. The spread in SAT anomalies in the SINTEX-F2 predictions is large in all the three winter months and thus the ENS predicted values are small in magnitude compared to SEM in most years (Figure 4). In December, both ENS and SEM predictions fail to predict the extreme negative SAT anomalies in December 2006 over Reg1. The predictions also failed to predict SAT anomalies in the December of 1997 to 1999, 2009 and 2011 to 2014 (Figure 4A) with the correct sign. ENS failed to predict the negative SAT anomalies in the December of 2001 to 2003 which SEM was successful in predicting. The slight improvement in the ACC values of SEM (0.44) compared to ENS (0.29) must have been due to SEM being more successful than ENS in predicting SAT anomalies in some Decembers. To have a better understanding of the success and failures of the ENS and SEM in predicting the correct sign of the SAT anomalies, we plot the Hit rate (HR) and False Alarm Rate (FAR) for positive (≥0.5°C) and negative (≤ -0.5°C) SAT anomalies over all the grid points covering Japan (Figures 5A–I, 6A–I). HR and FAR are defined following Mason and Graham (1999) as HR=hit/(hit+miss) and FAR=(false alarm)/(false alarm + correct rejection), where hit is when an event occurred and was successfully predicted; miss is when an event occurred and but was not predicted; false alarm is when an event was predicted but did not occur; correct rejection is when an event did not occur and was not predicted. A prediction is considered to be skillful if HR is greater than FAR. In December, the HR exceeds 0.4 over Hokkaido, northern parts of Japan and over scattered regions of west Japan in SEM prediction of positive SAT anomalies (Figure 5C) also the FAR has a smaller value (<0.4) over most parts of Japan (Figure 5D) indicating the SEM prediction of positive SAT anomalies to be skillful. The ENS predictions though skillful over most parts of Japan with higher HR (Figure 5A) compared to FAR (Figure 5B) are less skillful compared to SEM. Both ENS and SEM are also skillful in predicting negative temperature anomalies in December. The SEM predictions have HR exceeding 0.4 over most parts of Japan (Figure 6C) in predicting the negative SAT anomalies and are higher than the FAR values (Figure 6D). The ENS predictions have lower values of HR (Figure 6A) and FAR (Figure 6B) compared to SEM (Figures 6C,D). Similar results of HR and FAR are evident even for positive and negative SAT anomalies >1.0°C and < -1.0°C (figure not shown).


[image: Figure 4]
FIGURE 4. Interannual variation of SAT anomalies over (A) Reg1 in December, (B) Reg2 in January, and (C) Reg3 in February. Regions Reg[1-3] are shown in Figure 1. The SAT anomalies from all the 120 members of SINTEX-F2 members is shown in gray color. SAT anomalies of GHCN-CAMS, Persistence, ERA5, ENS, SEM and SEMnew are shown using black, orange, blue, violet, red, and green line, respectively. The values in the brackets are the correlation coefficients w.r.t GHCN-CAMS anomalies.



[image: Figure 5]
FIGURE 5. Spatial distribution of (A) HR and (B) FAR of positive SAT anomalies in ENS predictions of December. (C) HR and (D) FAR of positive SAT anomalies in SEM predictions of December. (E–H) same as (A–D) but for January. (I–L) same as (A–D) but for February.
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FIGURE 6. Same as Figure 5 but for negative SAT anomalies.


The ENS predictions in January have small amplitude in all the years (Figure 4B) and also failed to capture the correct sign of the anomalies in many years over region Reg2. Whereas, the SEM predictions have a realistic amplitude of anomalies over Reg2 (Figure 4B). The HR (Figure 5E) in predicting positive SAT anomalies is about 0.2 over most parts of Japan with FAR (Figure 5F) values between 0.0 and 0.1 (Figure 5F) in the ENS predictions indicating the ENS predictions to be skillful. ENS predictions also have higher HR (Figure 6E) compared to FAR (Figure 6F) over all the regions of Japan in predicting negative temperature anomalies. The SEM predictions have high HR values (>0.4) over central and northern parts of Japan (Figures 5G, 6G) with lower FAR values (Figures 5H, 6H) in predicting both positive and negative SAT anomalies. However, over Hokkaido the FAR (Figures 5H, 6H) values exceed HR (Figures 5G, 6G) in the SEM predictions, which indicates that the predictions have no useful skill. The region of high correlation in January (Reg2) also has high HR and low FAR in the SEM predictions.

The SEM predicted SAT anomalies (Figure 4C) in February have more realistic amplitudes compared to ENS predicted SAT anomalies (Figure 4C) over Hokkaido (Reg3) in many years. ENS failed to predict the correct sign of the SAT anomalies in February of 1985, 1992 to 1997, 1999 to 2002, 2005, 2008, 2010, 2012 to 2014, 2016 and in 2018 a total of 19 years (Figure 4C) and SEM failed to predict the correct sign of SAT anomalies in February of 1985, 1994-1997, 1999, 2001, 2006, 2013, and 2014 a total of 10 years (Figure 4C) indicating that the SEM is more skillful compared to ENS predictions, which is also reflected in the higher HR over Hokkaido in the SEM predictions (Figures 5K, 6K) compared to the ENS predictions (Figures 5I, 6I). Over Hokkaido the ENS predictions of both positive and negative SAT anomalies have no skill with higher FAR values (Figures 5J, 6J) compared to HR values (Figures 5I, 6I). The SEM predictions have higher HR (Figures 5K, 6K) compared to FAR (Figures 5L, 6L) over the whole of Japan for both positive and negative SAT anomalies.

To check if the SEM predicted values over the regions Reg[1-3] are better than persistence, we plotted the area averaged GHCN-CAMS SAT anomalies over Reg[1-3] in November along with the SEM predicted values in December, January, and February in Figures 4A–C. The results show that the persistence of November SAT anomalies in December (Figure 4A) over Reg1 has higher ACC score (0.53) compared to both SEM (0.44) and ENS (0.29) indicating the SEM to be not so useful for improving the SINTEX-F2 predictions in December. The SEM predicted SAT anomalies perform better than persistence in January and February with higher ACC score (0.56 and 0.53) in January (Figure 4B) and February (Figure 4C) over Reg2 and Reg3 compared to persistence (0.21 and 0.19).

The results discussed above use the leave-one-out cross validation for generating the predictions i.e., we predict the SAT anomalies for 1 year using the rest of the data for training. To test the robustness of the results of leave-one-out cross validation, we carried out an additional experiment of dividing the data approximately into 90% training and 10% test data and generating the predictions. We used the data for the years 1983/84 to 2014/15 (training data) for generating the members of SEM. Using those members, we generated the predictions for the years 2015/2016 to 2019/2020 (test data). The area averaged predictions over Reg[1-3] in December-February are shown in Figures 4A–C (SEMnew; dark green line). As evident from Figures 4A–C the predictions of SEMnew are not very different from the predictions of SEM for the period 2015/16 to 2019/20 in all the 3 months indicating the methodology followed to identify the members for SEM to be robust.

The above analysis indicates that the SEM has better skill in predicting the winter surface air temperature anomalies over most parts of Japan compared to the ENS, in which all the 120 members of the SINTEX-F2 forecasts are averaged. The improved predictions in SEM compared to ENS are robust over central Japan (Reg2) in January and over Hokkaido (Reg3) in February. To investigate if the improvement in the SEM is due to better skill of the members of the SEM or merely coincidental, we plotted a Taylor diagram (Figure 7) to show the skill of all the 120 members of the predictions over a grid point within the regions Reg [1-3]. The SAT anomalies used for the plot are for the winter months covering the whole period 1983/84 to 2019/20. The SINTEX-F2 members contributing to the SEM predictions are marked with blue and green colors (Figure 7). The members marked in blue contributed to SEM predictions in all years whereas the members marked in green contributed to predictions in some years. In December (Figure 7A) about 20 of the 120 members have ACC scores of about 0.32 (95% significance level using Student's two-tailed t-test) and most of the members which contributed to the SEM predictions also have ACC values of about 0.32 indicating the better performance of the SEM is due to the better skill of the members in the SEM. Similar results can be inferred from the Taylor diagrams for a grid point within regions Reg2 and Reg3 in January and February (Figures 7B,C). We verified that the results shown for a grid point with in the regions Reg[1-3] are applicable for all the grid points within Reg [1-3] (figure not shown).


[image: Figure 7]
FIGURE 7. Taylor diagram showing the spread of performance of 120 predictions of SINTEX-F2 of SAT anomalies in (A) December over a grid point located at 139.75°E, 35.75°N, (B) January over a grid point located at 139.75°E, 35.75°N, and (C) February over a grid point located at 143.25°E, 43.75°N) within regions Reg[1-3]. Blue mark is for members which contributed to SEM predictions in all the years. Green marked members contributed to SEM predictions in some years.




Possible Reasons for Improved Skill in SEM Predictions

We analyzed several variables, such as sea surface temperature (SST), 200 hPa geopotential height, sensible and latent heat fluxes, which have direct or indirect effects on the SAT variability over Japan to understand the possible causes for the higher skill of the SEM predictions of SAT compared to ENS predictions. Correlation analysis was used to show how the linkage between SAT over Japan and large-scale fields is represented in observations/reanalysis vs. the SEM and ENS predictions. Specifically, we correlated the GHCN-CAMS anomalies averaged over Reg1, Reg2 and Reg3 in Dec, Jan, and Feb, respectively, with observed/reanalyzed, ENS and SEM predicted SST, 200 hPa geopotential height, surface sensible and latent heat flux anomalies. The analyzed variables can to some extent explain the variation of SAT anomalies over Japan. As some members of SEM vary over forecast years, for convenience we choose only the members of SEM which are robust over all the forecast years for the analysis.

The correlation of GHCN-CAMS SAT anomalies over central Japan (Reg1) in December with NOAA Optimum Interpolation data version 2 (OIV2) (Reynolds et al., 2002) SST anomalies in December shows the SAT anomalies over Reg1 to be significantly correlated with SST anomalies in the equatorial Pacific (Figure 8A) indicating the El Nino-Southern Oscillation (ENSO) can have remote effect on the variation of SAT anomalies over Reg1 in December through atmospheric teleconnections. The SAT anomalies over Reg1 in December are also significantly correlated with the SST anomalies in the Arabian Sea (Figure 8A) and a region of high correlation with values exceeding 0.6 is seen around Japan (Figure 8A). The ENS (Figure 8B) and SEM (Figure 8C) predicted SST anomalies realistically capture the significant correlations over the equatorial Pacific and also the correlations over the Arabian Sea, though they are not significant. The main difference in the ENS and SEM predictions is in the spatial distribution of ACC values around Japan. The SEM predictions (Figure 8C), similar to OIV2 have significant correlations around Japan though with some prediction errors. In ENS predictions (Figure 8B), the correlation is positive but not significant.


[image: Figure 8]
FIGURE 8. Spatial distribution of correlation coefficients between GHCN-CAMS SAT anomalies averaged over Reg1 and (A) OIV2, (B) ENS and (C) SEM SST anomalies in December. (D–F) same as (A–C) but for ERA5 200 hPa geopotential height anomalies. (G–I) same as (A–C) but for sensible heat anomalies. (J–L) same as (A–C) but for latent heat anomalies. The stippled regions are statistically significant at 95% level using Student's 2 tailed t-test.


The ERA5 200 hPa geopotential height anomalies correlated with GHCN-CAMS SAT anomalies over Reg1 reveals significant negative correlations at higher latitudes extending from the Siberian region to Canada (Figure 8D) and significant positive correlations extending across North Pacific (Figure 8D). The positive correlation values exceed 0.6 over Japan and surrounding regions. The GHCN-CAMS SAT anomalies are also positively correlated with 200 hPa geopotential height anomalies in the equatorial eastern Pacific and over the Arabian Sea regions (Figure 8D). Both ENS (Figure 8E) and SEM (Figure 8F) predictions have errors in the prediction of 200 hPa geopotential height anomalies at higher latitudes though both ENS and SEM capture the correlations realistically in the eastern Pacific and Arabian Sea regions. At higher latitudes, the spatial pattern of correlation coefficients of SEM (Figure 8F) is more realistic compared to that of ENS (Figure 8E). The negative correlation over the Siberian region is well captured in the SEM predictions, and the positive correlation pattern over the North Pacific is also predicted, although it is confined to regions over and around Japan (Figure 8F) and the negative correlations over Siberia and Canada are weak and not significant. The correlation coefficients of ENS predicted 200 Pa geopotential height anomalies are small and are not significant over Japan and surrounding regions (Figure 8E), and the correlations found in the reanalysis over Siberia and Canada regions are not reproduced well. The errors in the predicted 200 hPa geopotential height anomalies over and around Japan can to some extent explain the better performance of SEM in predicting SAT anomalies over Reg1 in December compared to ENS. The sign and location of 200 hPa geopotential height anomalies, which are equivalent barotropic and extend to lower levels at higher latitudes, determine the sign of the SAT anomalies over a region. Positive (negative) 200 hPa geopotential height anomalies indicate clear skies (cloudy) and hence an increase (decrease) of incoming solar radiation which can lead to positive (negative) SAT anomalies. Also, the circulation anomalies associated with the 200 hPa height anomalies help advect heat fluxes from the surrounding seas and contribute to the variation of the SAT anomalies. The higher values of correlation coefficients of SEM predicted 200 hPa geopotential height anomalies with the SAT anomalies indicates a more realistic location and sign of predicted geopotential height anomalies in SEM compared to ENS.

The surface sensible heat (Figure 8G) and latent heat flux (Figure 8J) anomalies (positive downward) over the seas around Japan are positively correlated with the GHCN-CAMS SAT anomalies over region Reg1 in December. The correlation coefficients have values exceeding 0.5 and are significant. This indicates that warmer SAT over Reg1 is associated with downward surface heat flux anomalies, and the positive correlation of SST (Figures 8A–C) found around Japan can be considered as a result of surface heat fluxes. The region of significant correlation extends from the West North Pacific to the central parts of Japan (Figures 8G,J). A “horseshoe” pattern of significant negative correlation is also seen over the eastern North Pacific region (Figures 8G,J). The correlation of GHCN-CAMS anomalies over Reg1 with ENS predicted surface sensible heat (Figure 8H) and latent heat (Figure 8K) flux anomalies is positive in the seas surrounding Japan but the correlation coefficient values are small and not significant. The SEM predictions of sensible (Figure 8I) and latent heat (Figure 8L) fluxes have slightly higher ACC values compared to ENS and are significant over some regions. However, both ENS and SEM predicted surface fluxes do not have the “horseshoe” pattern in the ACC values over the eastern North Pacific. The above analysis indicates that both the ENS and SEM-predicted geopotential height anomalies and surface heat fluxes in the seas around Japan have errors and that the members contributing to the SEM have slightly reduced errors.

In January, the GHCN-CAMS SAT anomalies over Reg2 (Figure 2D) are significantly correlated with OIV2 SST anomalies in the Indian Ocean and Arabian Sea (Figure 9A) and also with SST anomalies around Japan (Figure 9A). The ACC spatial distribution in the Indian Ocean indicates that the SST anomalies in the Indian Ocean can have a remote effect on the SAT anomalies over Reg2 through atmospheric teleconnections. The spatial pattern of correlation coefficients in the Indian Ocean is well-captured in both ENS (Figure 9B) and SEM (Figure 9C) predictions. However, the SEM (Figure 9C) predictions have higher correlation coefficients around Japan compared to ENS (Figure 9B). The spatial pattern of correlation coefficients of ERA5 200 hPa geopotential height anomalies with GHCN-CAMS SAT anomalies over Reg2, shows negative correlation in higher latitudes covering Eurasian region to Canada and positive correlation from west Asia to central North Pacific along the sub-tropical jet (Figure 9D). Significant positive correlations are also seen over the Indian Ocean and equatorial Pacific regions (Figure 9D). The correlation of GHCN-CAMS anomalies over Reg2 in January with the 200 hPa geopotential height anomalies of ENS (Figure 9E) reveals weak correlations and distortion in the spatial distribution of ACC values in the higher latitudes indicating large errors in the ENS predicted 200 hPa geopotential height. Interestingly, the spatial distribution of ACC values of SEM predicted 200 hPa geopotential height (Figure 9F) is similar to the one seen in Figure 9D with negative correlation extending from the Eurasian region to Canada and positive correlations along the sub-tropical Jet from west Asia to central North Pacific indicating the SEM predicted 200 hPa geopotential height anomalies to have smaller errors compared to ENS predicted geopotential height anomalies. The correlation of GHCN-CAMS SAT anomalies over Reg2 with ERA5 sensible (Figure 9G) and latent (Figure 9J) heat flux anomalies shows the sensible heat flux to be strongly correlated compared to latent heat flux anomalies to the variations of SAT anomalies over Reg2, though both the fluxes have positive correlations around Japan. The correlations of the SEM predicted sensible (Figure 9I) and latent (Figure 9L) heat fluxes with GHCN-CAMS SAT anomalies over Reg2 in January have magnitudes and spatial pattern similar to the one seen with ERA5 (Figures 9G,J). However, the ACC values with the ENS predictions are weak (Figures 9H,K). The SEM predicted geopotential height and the atmospheric teleconnections compare well to the ENS predicted values resulting in predicting SAT anomalies with high ACC over Reg2 in January.


[image: Figure 9]
FIGURE 9. Same as Figure 8 but for January.


The correlation of GHCN-CAMS SAT anomalies over Hokkaido (Reg3) in February with SST anomalies in February shows Central Pacific or ENSO Modoki (Ashok et al., 2007) type of spatial distribution over the equatorial Pacific though the correlations are not significant (Figure 10A). A region of significant correlation around the northern parts of Japan is also seen in the spatial distribution (Figure 10A). Though both ENS (Figure 10B) and SEM (Figure 10C) have errors in the ACC patterns over the tropical and equatorial Pacific regions, the ACC pattern of SEM (Figure 10C) around Japan is comparable to the observed pattern (Figure 10A). The spatial pattern of correlation of GHCN-CAMS SAT anomalies over Reg3 in February and ERA5 2,000 hPa geopotential anomalies, similar to the patterns in January shows significant negative correlations over the Eurasian region and significant positive correlation around Japan (Figure 10D). The correlation coefficients of sensible (Figure 10G) and latent (Figure 10J) heat fluxes are positive around Japan. Similar to January, the ACC values of sensible heat are higher than those of latent heat flux. The spatial distribution and magnitudes of the ACC values of GHCN-CAMS SAT anomalies with SEM 200hPa geopotential height (Figure 10F), sensible (Figure 10I), and latent (Figure 10L) heat flux anomalies are comparable to observed. In the ENS, on the other hand, the pattern and magnitudes of correlations (Figures 10E,H,K) differ from the observed ones (Figures 10D,G,J). The smaller errors in the geopotential height anomalies in SEM predictions compared to ENS predictions can to some extent explain the differences in the SAT ACC values between the two predictions.


[image: Figure 10]
FIGURE 10. Same as Figure 8 but for February.





CONCLUSIONS

In this study we evaluated 120-ensemble predictions of SINTEX-F2 with regard to their skill in predicting SAT anomalies over Japan in the winter months December, January, and February. We used predictions initialized in November for the period 1983/84 to 2019/20.

First, each of the 120 member prediction was evaluated using the ACC skill score and the members with robust ACC skill score were selected and SEM was generated over all the grid points covering Japan. The ENS was generated by averaging all the 120-member predictions. Comparison of the ACC skill scores of the SEM predictions with ENS predictions shows that the ACC skill scores improved significantly in January over central parts of Japan and over Hokkaido in February. In December the ACC skill scores improved in SEM compared to ENS over central Japan and Hokkaido but the differences in the ACC values are not significant. The regions showing significant improvement in ACC values also correspond to regions of increased (decreased) hit rate (false alarm rate).

Correlation of GHCN-CAMS SAT anomalies over regions Reg[1-3] with 200 hPa observed and predicted geopotential anomalies reveals the spatial distribution of the correlation coefficients of the SEM predictions to be closer to the observed patterns in the higher latitudes compared to the spatial patterns of the ENS predictions. This indicates that the SEM has a more realistic distribution of geopotential anomalies than the ENS predictions. The better representation of geopotential height anomalies in the SEM members likely contributed to the improved ACC skill scores over the regions Reg[1-3].

This study brings out the merits and limitations of using SEM to predict the SAT anomalies over Japan in the winter months. The SEM shows improvement in the ACC skill score over most parts of Japan in December though the improvements are small in magnitude and well below the ACC score of 0.6 which is generally considered as the threshold for useful skill. In January, SEM had significant improvement in ACC scores over central parts of Japan but the skill of the SEM prediction deteriorated compared to ENS over Hokkaido. The ACC skill scores are improved over most parts of Japan in SEM compared to ENS in February but significant improvements are seen only over Hokkaido. Thus, the SEM technique is a useful technique to improve skills of SAT predictions but the improvements are significant only over some limited regions.

Although the SEM technique is useful to improve the predictions over regions of Japan, there are a few caveats associated with the technique relating to (a) no systematic relation of the SEM members to initial conditions and (b) the varying members in SEM for each month and year. Our analysis shows no systematic relation between initial conditions/model physical perturbation and the members selected for the SEM and this limits our ability to pin-point the exact physical process for selecting a SINTEX-F2 member for the SEM.

The number of members in SEM for each month and year are based on the criteria of ACC being robust. The members which are just below the values satisfying the criteria sometimes satisfy the criteria due to the increased amplitude of the anomalies in that training dataset in some years. This leads to the members being different in different months and years. As shown in Figure 7 there are some members which are common in all the years and some additional members which satisfy the condition set for selection appear in some years. We will be addressing these issues in our future studies by adopting a more rigorous and physical based criteria to select the members to make the SEM techniques more skillful.
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