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Abstract

:

The prediction skill of the Climate Forecast System, version 2 (CFSv2), for the North Atlantic Oscillation (NAO) is evaluated in three winter months (December, January, and February). The results show that the CFSv2 model can skillfully predict the December NAO one month in advance. There are two main contributors to NAO predictability in December. One is the predictability of the relationship between the North Atlantic sea surface temperature anomaly (SSTA) tripole and the NAO and the other is the second empirical orthogonal function (EOF) mode of the geopotential height at 50 hPa (Z50-EOF2). The relationship between the NAO and SSTA tripole index in December is the most significant in the three winter months. The significant monthly differences of surface heat fluxes in December over the whole North Atlantic are favorable for promoting the interaction between the NAO and North Atlantic SSTAs, in addition to improving the predictability of the December NAO. When the NAO is in a positive phase, easterly anomalies are located at the low and high latitudes and westerly anomalies prevail in the mid-latitudes of the troposphere. The correlation between the December Z50-EOF2 and zonal-mean zonal wind anomalies shows a similar spatial structure to that for the NAO. The possible reason why the CFSv2 model can predict the December NAO one month ahead is that it can reasonably reproduce the relationship between the December NAO and both the North Atlantic SST and stratospheric circulation.
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1. Introduction


The North Atlantic Oscillation (NAO) is the leading pattern of atmospheric variability in the North Atlantic affecting the winter climate over the Northern Hemisphere [1,2,3,4]. The winter NAO can affect not only the winter climate but also the spring and summer climate in Eurasia, such as the spring vegetation over Eurasia [5], tropical cyclone frequency [6], East Asian summer monsoon precipitation [7], summertime atmospheric circulation [8], and so on. The predictability of the winter NAO is therefore of widespread interest; improving it would be favorable for more accurate climate prediction over the Northern Hemisphere.



Although the wintertime NAO is generated by internal atmospheric dynamic process, the impact of oceanic forcing on the NAO is hard to ignore [9,10,11,12]. The interaction between the wintertime NAO and North Atlantic sea surface temperature anomaly (SSTA) plays an important role in the seasonal prediction of the NAO [12,13]. The oceanic thermal feedback in the extratropics is considered to be one of the most important factors in both the NAO and the associated North Atlantic SSTA tripole [14]. The wind anomaly associated with the NAO can result in a significant change in surface heat fluxes and the North Atlantic SSTA tripole is primarily the ocean’s response to the NAO forcing [15]. In addition, the zonal mean flows in the stratosphere have proven to be a predictability source of the winter NAO [16]. There is a clear decrease in NAO prediction skill to non-significant values when ensemble members that include stratospheric sudden warmings are excluded from NAO predictions [17,18]. The interaction between the NAO and the zonal mean flows in the stratosphere takes place through both synoptic- and planetary-scale waves in boreal winter [19,20].



Numerous studies have focused on NAO seasonal prediction [21,22,23,24,25]. Saito et al. [26] found that the predictive skill of the NAO increases from late winter to early spring in relation to the high predictability of the zonal mean geopotential height in the stratosphere. The year-to-year increment method has shown advantages in predictions of the winter NAO [21,27]. However, the winter climate often features subseasonal reversal from early to late winter. For example, the East Asian surface temperature reverses from warmer than normal in early winter to colder than normal in early winter of 2014/15 and the decadal trends of Hadley circulation in the extratropics and polar region displays nearly opposite tendencies between early and late winter [28,29,30]. Thus, monthly forecasting of the winter climate is a challenging task, but one that has been receiving increasing attention. For instance, a coupled model skillfully predicted the monthly mean of the December and January NAO up to 10 days in advance [31].



Therefore, the objective of this paper is to assess the predictability of the NAO in three winter months (December, January, and February). The North Atlantic SSTA tripole and atmospheric circulation in the stratosphere as possible sources of the predictability of the monthly NAO are also explored. Following this introduction, the data and methods used in the study are introduced in Section 2. Section 3 presents the predictability sources of the December NAO. A summary and discussion of the study are given in Section 4.




2. Data and Methods


Monthly atmospheric circulation reanalysis data on a 2.5° × 2.5° grid from the National Centers for Environmental Prediction/National Center for Atmosphere Research (NCEP/NCAR) for the period 1982–2018 are used in this study. Also employed are monthly SST data from the Extended Reconstructed SST dataset, version 4, with a resolution of 2.0° × 2.0° [32]. Version 2 of the NCEP Climate Forecast System (CFSv2) is utilized in this study [33], which is a new atmosphere–ocean–sea-ice–land model comprising a retrospective forecast experiment (1982–2010) and an operational forecast (2011–2018). Beginning on 1 January, nine-month hindcast runs are initialized from every fifth day and run from all four cycles (0000, 0600, 1200, and 1800 UTC) of that day. The initial days vary from one month to another. An equal weight ensemble mean of the monthly-mean values of 24 or 28 members is used in this study. The CFSv2 data in December (January and February) are initiated from 1 June to December (July to January, August to February) at lead times ranging from 6 to 0 months. The global multi-model ensemble reforecast dataset created within the European Commission FP7 project called ENSEMBLES [34]. For each year, seven months seasonal forecasts of the ENSEMBLES, which comprises the European Centre for Medium-Range Weather Forecasts (ECWMF), the Leibniz Institute of Marine Sciences at Kiel University (IFM-GEOMAR), the Meteo-France (MF), the UK Met Office (UKMO), and the Euro-Mediterranean Center for Climate Change (CMCC-INGV), are started from 1st February, May, August, and November initial conditions.



In this paper, the observed monthly NAO index is defined as the principal component (PC) time series of the first leading empirical orthogonal function (EOF) mode of area-weighted monthly sea level pressure (SLP) anomalies over the North Atlantic (90° W–40° E, 20°–80° N) during the period of 1982–2018 [35]. As shown in Figure 1, the main SLP anomaly pattern reflects a north–south dipole mode in the three winter months, with the explained variance being 45% for December, 39% for January, and 38% for February. The month with the largest explained variance of the NAO mode is December. The CFSv2-predicted NAO index values are obtained by projection onto the observed NAO mode. The SSTA tripole index is defined as the PC time series of the second leading EOF mode of area-weighted monthly SSTAs over the North Atlantic region (80° W–0°, 10°–70° N). The stratospheric indices defined as the PC time series of the first and second leading EOF mode of monthly geopotential height at 50 hPa (Z50) poleward of 20° N. The time correlation coefficient (TCC) and root-mean-square error (RMSE) are used as two indicators for evaluating the prediction skill of the CFSv2-predicted NAO.



Figure 2a shows the TCCs between the observed NAO and CFSv2-predicted NAO at 6- to 1-month leads in the three winter months. It is apparent that CFSv2 has no forecasting skill for the January and February NAO at these lead times. However, the model does show skillful prediction of the December NAO one month ahead, with a TCC of 0.39 during the period 1982–2017, exceeding the 95% confidence level. As shown in Figure 2b, the ranges of RMSE at 6- to 1-month leads are 1.09–1.57 for December, 1.16–1.22 for January, and 1.21–1.53 for February. The RMSE in December is 1.09 at a 1-month lead, which is the smallest among the three winter months at the different lead times. Thus, the CFSv2 model can predict the December NAO with significant skill one month in advance.



CFSv2 shows skillful prediction of the winter NAO at 5-, 2-, and 1-month leads. The TCCs between the observed NAO and CFSv2-predicted winter NAO during the period 1983–2018 are 0.39 at 5-month leads, 0.37 at 2-month leads, and 0.48 at 1-month leads, all exceeding the 95% confidence level. The prediction ability of the CFSv2 to the wintertime NAO is obviously higher than that of monthly scale.




3. Predictability Sources of the December NAO


An important question—and the focus of this paper—is why the predictability of the NAO in December is higher than that in January and February. To answer this, the relationships between the December NAO and both the North Atlantic SSTAs and stratospheric circulation are explored in this section.



3.1. Relationship between the North Atlantic SSTA Tripole and the NAO


The North Atlantic SSTAs play an important role in the prediction of the winter NAO [22,27]. Many observational and modeling studies have demonstrated that the mid-latitude SSTAs comprising the North Atlantic SSTA tripole are formed by the oceanic response to NAO-like atmospheric circulation anomalies [9,14]. The signals of the NAO-like response to the North Atlantic SSTA tripole can be considered as representing an oceanic feedback mechanism in the extratropical atmosphere–ocean system. The oceanic thermal feedback in the extratropics is one of the most important influences on both the NAO and the associated North Atlantic SSTA tripole [14].



Figure 3a–c show the TCCs between the observed SSTAs and the NAO in December, January, and February. It can be seen that the relationship between the SSTAs and the NAO in December presents a significant tripole pattern, with a positive correlation off the east coast of the United States and negative correlation north of 50° N and south of 25° N (Figure 3a). The relationship between the January NAO and the SSTA tripole weakens in the mid-latitudes of the North Atlantic (Figure 3b). In the following February, the linkage between the NAO and the North Atlantic SSTA tripole also weakens in the high and low latitudes. Previous studies have indicated that this tripole pattern is closely related to the NAO in winter [9,12,15,36].



Unlike the seasonal variation of SSTAs over the North Atlantic, the second EOF mode of the monthly variation of SSTAs presents a tripole pattern in the three winter months (Figure 3d–f). The TCCs between the SSTA tripole index and the NAO are 0.58 for December, exceeding the 99% confidence level, 0.38 for January, and 0.08 for February, during 1983–2018. Thus, the relationship between the NAO and North Atlantic SSTA tripole index in December is the most significant among the three winter months. This may be a reason why the predictability of the NAO in December is higher than that in January and February.



However, can CFSv2 reproduce the linkage between the December NAO and North Atlantic SSTA tripole? The CFSv2-predicted SSTA tripole index values are obtained by projection onto the observed SSTA tripole pattern in the three winter months. Figure 4 shows the prediction skill of CFSv2 for the relationship between the December NAO and SSTA tripole at different lead times. The CFSv2 model has no prediction skill for this relationship with initial months from June to October. However, the model can successfully reproduce the interaction between the North Atlantic SSTAs tripole and the NAO in December one month ahead, with a TCC of 0.61, exceeding the 99% confidence level (Figure 4). Therefore, CFSv2 can be used to predict the December NAO up to one month in advance.



We also assess the prediction skill December NAO by the coupled model of ENSEMBLES one month in advance. Three models (IFM-GEOMAR, UKMO, and CMCC-INGV) have certain ability to predict the December NAO and the relationship between the December NAO and North Atlantic SSTAs at a 1-month lead. However, the ECMWF shows the poor forecasting skill for the December NAO and the relationship between the December NAO and North Atlantic SSTAs. Thus, the interaction between the December NAO and simultaneous North Atlantic SSTAs plays an important role in the predictability of the December NAO.




3.2. Monthly Differences of Atmospheric Circulation Anomalies Related to the NAO


According to Fan et al. [37], who proposed the ‘year-to-year increment prediction approach’, the monthly difference of a variable, i.e., its difference between the current and previous month, can better capture the month-to-month variability than the monthly anomaly. For instance, the monthly difference of December would be denoted by the difference of a variable between December and November.



Figure 5 presents the mean spatial anomaly correlation coefficient between the monthly differences of observed and CFSv2-predicted SLP at 6- to 1-month leads in the North Atlantic (90° W–40° E, 20°–80° N) during the period 1983–2018. CFSv2 shows significant prediction skill for the spatial pattern of monthly difference of SLP anomalies in three winter months at 6- to 1-month leads. The CFSv2 model shows higher skill for the monthly difference of SLP anomalies in December (i.e., December minus November) than those in the following January and February at 6- to 1-month leads.



Previous studies have pointed out that North Atlantic SSTAs can result in local changes in surface evaporation and surface heat flux, which tend to affect the NAO phase [36,38,39]. There is a dynamic coupling between the wintertime NAO and the North Atlantic SSTA tripole [40]. The North Atlantic SSTA tripole can be considered as an important predictor of the winter NAO [21,22,27]. Therefore, we investigate the performance of CFSv2 in reproducing the NAO–North Atlantic SSTA linkage in terms of month-to-month variability.



The monthly differences of area-averaged SST over the North Atlantic region (80° W–0°, 10°–70° N) are −0.96 °C for December, −0.76 °C for January, and −0.39 °C for February, on average, for the period 1983–2018. Compared with the SST in the previous month, the largest drop in the North Atlantic SST occurs in December of the three winter months, which is conducive to strengthening the interaction between the NAO and the North Atlantic SST in December through the surface heat fluxes exchange.



Sensible and latent heat fluxes are a primary mechanism by which the ocean vents the heat absorbed from solar radiation. To explore the predictability of the December NAO, we investigated the relationship between the monthly differences of surface heat flux over the North Atlantic region and the NAO. Sensible and latent heat fluxes at the sea surface are an important component of atmospheric forcing. The atmospheric forcing of interannual variations in North Atlantic surface temperatures takes place through the upward (downward) of sensible and latent heat fluxes, where the SST is cooler (warmer) than normal. The connection between the heat fluxes and the SSTAs is strongest in the extratropics during the winter. The latent and sensible flux anomalies are strongly correlated over most of the ocean, so they can be considered together as a sum [36]. The relationship between the monthly NAO and the sum of sensible and latent fluxes presents a similar tripole pattern in the three winter months (Figure 6a–c). As shown in Figure 6d, the tripole pattern between the monthly differences of surface heat fluxes in December is significant over the whole North Atlantic. However, the connection between the monthly differences of heat fluxes and the January NAO is strongest only in the high latitudes (Figure 6e). In February, the interaction between the monthly differences of heat fluxes and the NAO is mainly concentrated in the mid-high latitudes of the North Atlantic (Figure 6f). The significant monthly differences of surface heat fluxes in December over the whole North Atlantic are favorable for a promotion of the interaction between the NAO and the North Atlantic SSTAs, and then an improvement in the predictability of the December NAO. As shown in Figure 7, the CFSv2 model represents the relationship well between the NAO and the monthly and monthly difference of surface heat fluxes in December at one month in advance, especially in the mid-high latitudes of the North Atlantic.




3.3. Relationship between the Stratospheric Circulation and the NAO


Previous studies have shown that the predictive skill and the potential predictability of the NAO are related to a high predictability of the zonal mean geopotential height in the stratosphere and near the surface [41]. The initial upper-stratospheric zonal wind anomaly contribution to the winter NAO predictability through downward propagation of the initial condition and a good representation of the stratospheric initial condition and stratospheric coupling in models is important for winter climate prediction [42]. Figure 8 shows the first and second leading EOF modes of Z50 north of 20° N in three winter months during the period 1983–2018. The Z50-EOF1 reflects the lower-stratospheric polar vortex in the three winter months [43]. There is a close relationship between the NAO and the stratospheric polar vortex, with TCCs of 0.56 for December, 0.57 for January, and 0.42 for February during the period 1983–2018, all exceeding the 95% confidence level (Figure 8a–c). However, the CFSv2 model has no prediction skill for this relationship (figure not shown). The relationships between the Arctic Osicillation and the stratospheric polar vortex are also significant, with TCCs of 0.50 for December, 0.54 for January, and 0.42 for February during the period 1983–2018. There is a significant relationship between the NAO and the PC of Z50-EOF2 in December, with a TCC of 0.46 during 1982–2017, exceeding the 99% confidence level. The percentage of the same mathematical sign of them is 72%. The second EOF mode of Z50 in December, accounting for 21% of the interannual variance, has a dipole pattern over Hudson Bay and the Sea of Okhotsk (Figure 8d). However, the second EOF mode of Z50 has two negative anomaly centers over Siberia and the Norwegian Sea and one positive anomaly center over Hudson Bay in the following January and February (Figure 8e,f). The relationships between the NAO and Z50-EOF2 weaken in January and February, with TCCs of 0.18 and 0.24, with statistical significance below the 90% confidence level.



The wintertime NAO is closely related to the stratospheric circulation through downward propagation of planetary waves and zonal-mean wind anomalies [16,41,44]. To examine the linkage between the NAO and the second EOF mode of Z50 in the three winter months, the relationships between the zonal-mean zonal wind and the NAO/Z50-EOF2 are explored next. Figure 9a–c show the TCCs between the NAO and the zonal-mean (90° W–40° E) zonal wind anomalies in the three winter months. A significant positive correlation is apparent in the polar stratosphere, with further positive correlation at 20°–40° N, and a negative correlation in the stratosphere at 40°–60° N, implying that the stratospheric circulation may play a vital role in NAO predictions in the three winter months. When the NAO is in a positive phase, easterly anomalies locate at 20°–40° N and 60°–80° N, and westerly anomalies prevail in the troposphere at 40°–60° N (Figure 9a–c). As shown in Figure 9d, the correlation between the December NAO and Z50-EOF2 shows a similar spatial structure to that for the NAO. However, the relationship between the zonal wind anomalies and the Z50-EOF2 in the stratosphere at 40°–80° N and troposphere weakens in January and February (Figure 9e,f). Thus, the interaction between the stratospheric circulation and the NAO play an important role in the December NAO prediction.



Can the CFSv2 model reproduce the interaction between the December NAO and the stratospheric circulation? Figure 10 shows the TCCs between the December NAO, Z50-EOF2 and zonal-mean zonal wind predicted by CFSv2 at a 1-month lead time during the period 1983–2018. As we can see, CFSv2 can reproduce the interaction between the December NAO and Z50-EOF2 via the zonal wind anomalies in the troposphere and stratosphere to a certain extent one month in advance, especially in the troposphere and stratosphere at 40°–60° N (Figure 10a,d). The CFSv2 model can reproduce the insignificant relationship between the NAO and Z50-EOF2 in January and February (Figure 10).



In conclusion, the stratospheric circulation may be a potential predictability source of the December NAO. The reason why CFSv2 can predict the December NAO is that the interaction between the NAO and the Z50-EOF2 can be reproduced well in CFSv2 one month in advance.





4. Discussion and Conclusions


In this study, we assessed the prediction skill of the monthly NAO by CFSv2 at different lead times. The results show that the CFSv2 model has no prediction skill for the January and February NAO at 6- to 1-month leads. However, the model does show skillful prediction of the December NAO at a 1-month ahead. There are two main contributors to the NAO predictability in December. One is the predictability of the linkage between the North Atlantic SSTA tripole and the NAO. The relationship between the NAO and SSTA tripole index in December is the most significant among the three winter months. The interaction between the December NAO and the simultaneous North Atlantic SST can be reproduced well in the CFSv2 model 1-month in advance.



According to Fan et al. [37], who proposed the ‘year-to-year increment prediction approach’, the monthly difference of a variable can better capture the month-to-month variability than the monthly anomaly. Compared with the SST in the previous month, the largest drop in the North Atlantic SST occurs in December of the three winter months. The significant monthly differences of surface heat fluxes (the sum of sensible and latent heat flux) in December over the whole North Atlantic is favorable for a promotion of the interaction between the NAO and the North Atlantic SSTAs, and then an improvement of the predictability of the December NAO. The CFSv2 model is shown to reproduce the relationship well between the NAO and the monthly and monthly difference of surface heat fluxes in December at one month in advance, especially in the mid-high latitudes of the North Atlantic.



The second EOF mode of Z50 is also an important source of NAO predictability in December. A significant positive correlation is found in the polar stratosphere, with further positive correlation at lower latitudes, and a negative correlation in the stratosphere at 40°–60° N, implying that the stratospheric circulation may play a role in December NAO prediction. The correlation between the December Z50-EOF2 and zonal-mean zonal wind anomalies shows a similar spatial structure to that for the NAO. The interaction between the NAO and the Z50-EOF2 can be reproduced well by CFSv2 one month in advance.



The North Atlantic SSTA tripole and the stratospheric flow are regarded as two main predictability sources of the December NAO. The reasons why the CFSv2 model can predict the December NAO one month ahead is that the interaction between the NAO and the North Atlantic SSTAs/Z50-EOF2 can be reproduced well by the CFSv2 model with initial conditions from the previous November.



We also assess the prediction skill December NAO by the coupled model of ENSEMBLES one month in advance. Three models (IFM-GEOMAR, UKMO and CMCC-INGV) present skillful prediction skill for the December NAO, and the relationship between the December NAO and North Atlantic SSTAs at 1-month lead. Thus, the interaction between the December NAO and simultaneous North Atlantic SSTAs plays an important role in the predictability of December NAO.



Compared to seasonal prediction of the NAO, its subseasonal prediction still needs to be improved, especially for the January and February NAO; how to further improve the predictability of the January and February NAO needs to be further explored. Snow cover should also be considered as a potential source of NAO prediction, and this too needs further exploration. Finally, whether the month-to-month variability can be applied to the prediction of the January and February NAO is another important topic for the future in this line of research.
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Figure 1. The first leading empirical orthogonal function (EOF) mode of the sea level pressure anomaly in December (a), January (b), and February (c) in the North Atlantic (20°–80° N, 90° W–40° E). 
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Figure 2. The prediction skill (time correlation coefficient (TCC, a) and root-mean-square error (RMSE, b) of the North Atlantic Oscillation (NAO) in December (red bars), January (green bars), and February (blue bars) predicted by the Climate Forecast System, version 2 (CFSv2) at different lead times (months). 
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Figure 3. TCCs between the observed sea surface temperature anomaly (SSTA) and the NAO in December (a), January (b), and February (c). The second EOF mode of the SSTA in December (d), January (e), and February (f). Dotted areas indicate statistical significance at the 95% confidence level, as estimated by a local Student’s t-test. 
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Figure 4. TCCs between the NAO and SSTA tripole index in December. L6–L1 refer to the CFSv2-predicted TCCs for initial months from June to November. OBS means the observed TCCs in December, January, and February. The black lines indicate statistical significance at the 99% confidence level, as estimated by a local Student’s t-test. 
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Figure 5. The spatial anomaly correlation coefficient (ACC) between the observed and CFSv2-predicted sea level pressure (SLP) monthly differences at 6- to 1-month leads in the North Atlantic (20°–80° N, 90° W–40° E). The black lines indicate statistical significance at the 99% confidence level, as estimated by a local Student’s t-test. 
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Figure 6. TCCs between the observed NAO and the monthly (a–c) and monthly difference of (d–f) heat fluxes (sum of sensible and latent heat flux) in December (a,d), January (b,e), and February (c,f). Dotted areas indicate statistical significance at the 95% confidence level, as estimated by a local Student’s t-test. 
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Figure 7. TCCs between the CFSv2-predicted NAO and the monthly (a) and monthly difference of (b) heat fluxes (sum of sensible and latent heat flux) in December at a 1- month lead. Dotted areas indicate statistical significance at the 95% confidence level, as estimated by a local Student’s t-test. 
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Figure 8. The first (a–c) and second (d–f) leading mode of geopotential height at 50 hPa in December (a,d), January (b,e), and February (c,f). 
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Figure 9. TCCs of zonal-mean wind with the observed NAO (a–c), and the PC2 of Z50 (d–f) in December (a,d), January (b,e), and February (c,f) during the period 1983–2018. Dotted areas indicate statistical significance at the 95% confidence level, as estimated by a local Student’s t-test. 
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Figure 10. TCCs between the NAO and zonal mean zonal wind (a–c), and TCCs between the principal component (PC) of Z50-EOF2 and zonal-mean zonal wind predicted by CFSv2 (d–f) in December (a,d), January (b,e), and February (c,f) at one month lead time during the period 1983–2018. Dotted areas indicate statistical significance at the 95% confidence level, as estimated by a local Student’s t-test. 
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