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The reversal of winter surface air temperature anomalies (SATAs) over Central Asia (CA) between December and January is investigated in this study and found to be closely related to the sea surface temperature anomalies (SSTAs) over the central tropical Pacific (CTP). The cold CTP SSTAs can lead to positive (negative) SATAs over CA in December (January). The different responses of SATAs over CA to the SSTAs are attributed to different Rossby wave propagations. In December, a wave train from the North Pacific directly reaches CA, while in January it mainly propagates in the meridional direction and cannot reach CA. The January SATAs of CA are influenced by a wave train from the North Atlantic, which is induced by CTP SSTAs indirectly. The wave trains from the North Pacific are mainly driven by the Gill-type response to the cold CTP SSTA in both December and January. In January, since the climatological subtropical jet stream over the North Pacific is stronger and situated more towards the equator, a stronger Gill-type response is excited and causes the meridional propagation of the Rossby waves. Then, this stronger Gill-type response can cause strong zonal wind anomalies over the East Pacific. Local anomalies of the synoptic-scale transient eddy can be further caused by the zonal wind anomalies and travel eastward to the North Atlantic. The eddy-induced geopotential anomalies over the North Atlantic can further trigger Rossby waves and cause the negative SATAs over CA. Numerical simulations reproduce these mechanisms.
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1 INTRODUCTION
Central Asia (35°–65°N, 50°–100°E, CA), lying in the hinterland of the Eurasian continent and far from the ocean, is characterized by a typical continental climate (Lioubimtseva and Henebry 2009; Mirzabaev 2013; Li et al., 2015). During the winter season (November‒February), the surface air temperature (SAT) over CA not only reaches its minimum but also shows its largest variability in the annual cycle (Figure 1A). Variation of winter SAT over CA can cause severe damage in terms of population health (Grjibovski et al., 2013; Zafren 2013; Nyssanbayeva et al., 2019), livestock (Kerven et al., 2004) and environment (Darynova et al., 2018). Thus, further studies on the winter SAT over CA and its variability are necessary for the socioeconomic development of this region.
[image: Figure 1]FIGURE 1 | (A) Annual cycle of monthly mean SAT of CA (35°–65°N, 50°–100°E) (bars; °C) and its standard deviation (black line; °C) during the period 1979–2018 (B) Anomalies of monthly mean SAT of CA (°C) in December (black bars) and the following January (blue bars) during the period 1979–2018. The red triangles represent the year in which the December and following-January SATA are of opposite sign.
Previous studies have revealed that the leading mode of SAT anomalies (SATAs) over CA, as a part of the Eurasian continent, is characterized by a same-sign pattern in winter (Miyazaki and Yasunari 2008; Wu and Chen 2020). The variation of winter Eurasian SATAs is largely controlled by the large-scale atmospheric circulation and teleconnections over this region. As a critical semi-permanent winter system over the Eurasian continent, the Siberian high plays an important role (Cohen et al., 2001; Gong and Ho 2002; Kim et al., 2005; Wu et al., 2011). A strengthened Siberian high is associated with cooling over most of the Eurasian continent, which may be due to the associated change in the radiation condition and heat budget over this region (Cohen et al., 2001; Gong and Ho 2002). Previous studies have also found that the positive (negative) phase of the Arctic Oscillation (AO)/North Atlantic Oscillation (NAO) is associated with positive (negative) winter Eurasian SATAs (Hurrell and Van Loon 1997; Thompson and Wallace 2000; Cattiaux et al., 2010). In addition, Liu et al. (2014) pointed out that the three types of Eurasian (EU) patterns (i.e., the traditional EU pattern, Scandinavian pattern, and East Atlantic/West Russia pattern) can exert different influences on the Eurasian SATAs in winter.
Besides the atmospheric circulation and teleconnections, the Eurasian SATAs can also be affected by remote forcing, such as the El Niño–Southern Oscillation (ENSO) (Graf and Zanchettin 2012; Zhang et al., 2015; Feng et al., 2017; García-Serrano et al., 2017), sea surface temperature (SST) anomalies (SSTAs) over the North Atlantic (Liu et al., 2014; Wang et al., 2019; Chen et al., 2020), sea ice (Mori et al., 2014; Chen H. W. et al., 2016; Chen et al., 2019; Cohen et al., 2019), and snow cover (Cohen et al., 2001; Saito et al., 2001; Chen S. et al., 2016).
Zhang et al. (2015) and Feng et al. (2017) found that the central Pacific (CP) El Niño (La Niña) can lead to negative (positive) AO/NAO-like atmospheric responses with negative (positive) geopotential height anomalies over the subtropical Atlantic and Eurasia as well as a cooler (warmer) winter, and part of the mechanism can be explained by the tropospheric bridge according to Graf and Zanchettin (2012).
The role of North Atlantic SSTAs has been studied, revealing that through a sea-air interaction, the North Atlantic SSTAs can cause anomalous atmospheric circulation and Rossby wave trains and impact the Eurasian SATAs. For example, wave trains can be emanated by the North Atlantic SSTAs and directly influence the Eurasian SATAs (Liu et al., 2014; Chen et al., 2020); the North Atlantic SSTAs in preceding summer and autumn can impact the winter NAO pattern and subsequently influence the Eurasian SATAs indirectly (Czaja and Frankignoul 1999; Czaja and Frankignoul 2002; Tian and Fan 2015). The North Atlantic SSTAs can also modulate the influence of ENSO on Eurasian SATAs (Chen and Wu 2017; Chen et al., 2018). Arctic sea ice also plays an important role in the variation of Eurasian SATAs (Mori et al., 2014; Vihma 2014). The decline in Arctic sea ice in preceding summer/autumn may modulate the winter Eurasian SATAs via the increasing heat flux from ocean to atmosphere, which may cause a negative phase of the AO/NAO (Vihma 2014) or lead to more frequent Eurasian blocking situations (Mori et al., 2014). Similar relationship was also found between the autumn Arctic sea ice and spring AO (Chen et al., 2019). The association between snow cover and the variation of Eurasian SATAs has also been researched. Saito et al. (2001) suggested that the autumn Eurasian snow cover anomalies may influence the winter Eurasian SATAs not only by acting as a lower boundary forcing to the tropospheric circulation but also by changing the upward propagating Rossby waves that can influence the AO. Chen H. W. et al. (2016) found that in spring, the snow cover anomalies can contribute partly to Eurasian SATAs by modulating surface net shortwave radiation.
Most of the studies mentioned above focused on the variation of the seasonal average SATAs over Eurasia; however, the sub-seasonal variation of the SATAs in this region has largely been ignored, especially the sub-seasonal out-of-phase variation, which may cause huge socioeconomic impacts. For example, Begzsuren et al. (2004) pointed out that severe winter weather such as sudden cooling and snowfall may be one of the main reasons behind pastoral livestock mortality in cold and dry regions; and Casson et al. (2019) highlighted that a warm period followed by a cold period may cause damage to vegetation, as the warm weather can break the dormancy of vegetation and the subsequent cold weather can result in significant damage. In CA, a reversal of the SATAs between winter months occurs frequently. In Figure 1B, we can see that 16 of the total 39 winters, which amounts to 40%, show opposite signs of SATAs between December and January during the period 1979–2018. Such a monthly reversal of SATAs could be hidden by taking a simple seasonal average, and is therefore worthy of further investigation.
The monthly reversal of the winter SATAs in East Asia has attracted considerable attention among scientists in recent years (Geng et al., 2017; Xu et al., 2018; Dai et al., 2019; Lü et al., 2019). For example, Geng et al. (2017) pointed out that the rapid reversal of East Asia from a warm spell to a cold surge can be attributed to the super El Niño during the boreal winter of 2015/16, which caused a northward shift of the subtropical jet and led to the reversal of the NAO phase. Dai et al. (2019) suggested that the reversal of the winter SATAs over Northeast China between December and January–February can be attributed to the variations of sea ice in different Arctic regions. Li et al. (2021) found that the CP ENSO-related cooling SSTAs may be responsible for the reversal of SATAs over China in December and January since 1997. They found that, compared with the period before 1997, a westward-extended Walker circulation can be caused by the CP ENSO-related cooling SSTAs the over the South China Sea and Kuroshio Extension. The westward-extended Walker circulation, coupled with the different climatological circulation between December and January, can lead to different meridional circulations over China and its SATAs in the months. Although previous studies have focused on this topic, there is still no research concerning the December–January reversal of the SATAs over CA.
As one of the most important predictors for global climate variations, tropical Pacific SSTAs can impact the atmospheric circulation (Zhang et al., 2015; Feng et al., 2017; García-Serrano et al., 2017). It would therefore be interesting to discuss whether the tropical Pacific SSTAs can influence the monthly reversal of the winter SATAs of CA. Accordingly, we seek to answer the following questions in this paper:
(1) What are the main features of the December–January reversal of the SATAs over CA and how can we describe these features?
(2) What’s the relationship between the monthly reversal of SATAs and the variation of the SSTAs over the tropical Pacific?
(3) How the monthly reversal of SATAs is influenced by the tropical Pacific SSTAs?
The rest of the paper is organized as follows: Section 2 describes the data and methods employed in the study. Section 3 details the out-of-phase mode of the December–January SATAs over CA, its connection to the central tropical Pacific SSTAs (CTP SSTAs), and an analysis of the possible mechanisms behind the connection. Section 4 provides a summary and some further discussion.
2 DATA AND METHODS
2.1 Datasets
Four datasets were employed in this study, each spanning a period of 40°years from 1979 to 2018, as follows:
(1) The atmospheric reanalysis data used in this study are from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR), with a 2.5 horizonal resolution from 1,000 to 10 hPa comprising 17 pressure levels (Kalnay et al., 1996), including the monthly mean SAT, geopotential height, and zonal and meridional winds.
(2) The monthly mean SAT from Global Historical Climatology Network (GHCN) weather stations is also employed to further examine the change in SAT over CA (Peterson and Vose 1997). Moreover, the missing values in these records in each year are excluded and the processed SAT records then interpolated to the 2.5 × 2.5 grid for further verification.
(3) The monthly mean SST data are derived from the Japan Meteorological Agency Centennial Observation-Based Estimates of SST dataset, version 2, with a 1.0° horizonal resolution (Hirahara et al., 2014).
(4) The monthly mean interpolated outgoing longwave radiation (OLR) with a 2.5° horizonal resolution provided by the National Oceanic and Atmospheric Administration (Liebmann and Smith 1996) are employed as the proxy of the intensity of convective heating.
2.2 Statistical and Analysis Method
The multivariate empirical orthogonal function (MV-EOF) analysis method (Wang 1992) is adopted here to distinguish the leading variability modes that combine the variations of the December and following-January SATAs of CA during 1979–2018. In this study, an area-weighted correlation coefficient matrix is constructed for the combined SATA (weighted by the square root of the cosine of latitude) over CA in December and the following January during 1979–2018 to carry out the MV-EOF. The method has been widely applied in climate research. For example, Li et al. (2021) pointed out that the MV-EOF method can distinguish the mode of the reversal of December and January SATAs over China.
The wave activity flux (Takaya and Nakamura 2001) is employed to describe the stationary Rossby wave propagation. This wave flux is parallel to the local group velocity of a stationary Rossby wave train in the Wentzel–Karmers–Brillouin approximation. The horizontal flux is calculated as follows:
[image: image]
where P is the pressure scaled by 1,000 hPa, (U, V) denotes the horizonal mean winds, [image: image] is the perturbation geostrophic streamfunction, and [image: image] denotes the perturbed winds. The climatological mean values are calculated during the period 1979–2018.
The strength of the synoptic-scale transient eddy activity (STEA) is measured by [image: image] at 300 hPa, where [image: image] denotes the synoptic-scale daily meridional winds subject to a 2.5–6-day band-pass filter, and the overbar represents averaging over a month (Ren et al., 2010). The eddy-induced geopotential height tendency defined in Lau and Nath (2014) is calculated as follows:
[image: image]
where Z is the monthly mean geopotential height; g is the gravitational acceleration; [image: image] and [image: image] are the synoptic-scale daily winds and relative vorticity at 300 hPa, respectively, subject to 2.5–6-day bandpass filtering.
The Student’s t-test was used to estimate levels of statistical significance, and the linear trends of all data used for regression and correlation were removed. The number of equivalent degrees of freedom for regression was calculated following Zwiers and von Storch (1995).
2.3 Numerical Model
An atmospheric general circulation model, ECHAM5 (Roeckner et al., 2003), is employed to validate the mechanisms given in this study. The ECHAM5 simulations were performed with the spectral T63 horizontal resolution and 19 vertical levels (T63L19). The detailed experimental design is given in section 3d.
3 RESULTS
3.1 Reversal of the SATAs Over CA Between December and January
Figure 2 shows the spatial patterns of the first two leading modes (MV-EOF1 and MV-EOF2) and corresponding time series (PC1 and PC2). The first and the second leading modes explain 30.7 and 22.3% of the total covariance, respectively, and are both well separated in accordance with the method given by North et al. (1982). MV-EOF1 is an in-phase variation mode, which has similar spatial patterns in December and January, with strong amplitudes situated over the middle and northern part of CA (Figure 2A,B). MV-EOF2, meanwhile, shows maximum amplitudes distributed along the northeast–southwest of CA in December and exhibits nearly opposite anomalies in the same region in January (Figure 2C,D), which presents the out-of-phase nature of the SATAs between December and January. Similar in-phase and out-of-phase modes can be separated using the GHCN dataset, which have nearly the same spatial distributions as MV-EOF1 and MV-EOF2 (not shown), and the corresponding time series are also highly correlated with PC1 and PC2 (higher than 0.97). Thus, the reversal of the SATAs between December and January over CA can be represented by MV-EOF2.
[image: Figure 2]FIGURE 2 | Spatial distributions of the first MV-EOF mode of (A) December and (C) January SATAs during 1979–2017 (E) Normalized time series of the standardized first principal component (PC1), with the proportion of the explained covariance of the first mode given in the top-right corner (B,D,F) As in (A,C,E) but for the second MV-EOF mode and PC2 (G) Time series of the standardized [image: image] during 1979–2017. The black dots represent the year in which the December and following-January SATA are of opposite sign.
To examine the atmospheric circulation anomalies associated with MV-EOF2, the PC2-related SATAs and the 850 and 300 hPa geopotential height and wind anomalies in December and January are analyzed (Figure 3). The positive PC2 corresponds to the remarkable December warming and January cooling (Figures 3A,B). In December, anomalous southeasterlies can be seen over CA at 850-hPa, with a southwest‒northeast distribution pattern (Figure 3C). The distribution pattern of the anomalous southeasterlies corresponds well with that of the SATAs (Figure 3A,C), which indicates that the anomalous warm advection brought by the southeasterlies may contribute to the SATAs in December. Besides, significant southwest‒northeast positive height anomalies appear at 300 hPa (Figure 3E), which can induce a decline in cloud cover. Thus, enhanced downward shortwave radiation may also contribute to the warm SATAs over CA in December. In January, significant positive geopotential height anomalies appear over the north side of CA at both 850 hPa and 300 hPa (Figure 3E), accompanied by anomalous northeasterlies over CA. The cold advection brought by these anomalous northeasterlies may cause the cold anomalies over northern CA. The contrasting atmospheric circulation anomalies between December and January play an essential role in the reversal of the SATAs over CA.
[image: Figure 3]FIGURE 3 | Regressions of December (A) SAT (shading; °C) and (C) 850 hPa and (E) 300 hPa geopotential height (shading; m) and winds (vectors; m s−1) onto the PC2 for the period 1979–2017 (B,D,F) As in (A,C,E) but for January during 1980–2018. The black dashed boxes show the region of CA; anomalies significant at the 95% confidence level are denoted by dots and purple contour lines, as estimated by the Student’s t-test.
Because MV-EOF2 represents an out-of-phase relationship between the December and January SATAs, the signs of the mean SATAs of the 2 months are more likely to be opposite when the amplitude of MV-EOF2 is “relatively stronger” than that of MV-EOF1. Years with opposite signs are marked in Figure 2E,F. A higher PC2 is likely to appear in these years. To verify this, the index [image: image] is defined to represent the “relative strength” of MV-EOF2, and the standardized time series of [image: image] is given in Figure 2G. The years in which the December and January average SATAs are of opposite sign are marked in Figure 2G. It can be seen that most of these years show positive standardized values. The average value for the years with opposites signs (16 years) is 0.67, while for the years with same signs (24 years) is −0.46, the difference between the two values is statistically significant at the 95% level according to the Student’s t-test.
3.2 Relationship Between the Cold CTP SSTAs and the Reversal of the SATAs Over CA
To reveal the remarkable remote SST forcing that modulates the reversal of the SATAs between December and January over CA, the PC2-related SSTAs and outgoing longwave radiation (OLR) in December and January are analyzed (Figure 4). Significant negative SSTAs appear over CTP within the Niño4 region (5°S‒5°N, 160°‒150°W) in both December and January (Figure 4A,B), and the pattern of the SSTAs resembles that of CP La Niña (Yuan and Yan, 2013, see their Figure 2B). Furthermore, positive OLR anomalies appear in the Niño4 region in both December and January, and these positive OLR anomalies correspond well to the SSTAs (Figure 4C,D). This indicates that the PC2-related diabatic heating is directly associated with the SSTAs in the 2 months. As the Niño4 index is defined as the area-averaged SSTA over the Niño4 region (Kug et al., 2009), the −Niño4 index is adopted to represent the variation of the CTP SSTAs. The correlation coefficients between the −Niño4 index in December and January and PC2 are 0.37 and 0.38 (both statistically significant at the 99% level), respectively. Thought the correlation coefficients are not too high, the result still suggests that a significant correlation exist between the between the cold CTP SSTAs and the MV-EOF2.
[image: Figure 4]FIGURE 4 | Regressions of (A) SST (shading; °C) and (C) OLR (shading; W m−2) onto the PC2 for the period 1979–2017 (B,D) As in (A,C) but for January during 1980–2018 (E) Time series of the standardized −Niño4 index in December (red line), January (blue line) and PC2 (black line) during 1979–2018. Anomalies significant at the 95% confidence level are denoted by dots, as estimated by the Student’s t-test. The black dashed boxes in (A, B, C, D) show the Niño4 region (5°S‒5°N, 160°‒150°W).
Moreover, the −Niño4-related SATAs and circulation anomalies over CA are analyzed (Figure 5). In December, weak positive SATAs are located over northern and western CA, corresponding to the anomalous southerlies and southwesterlies over western and northern CA at both 850 and 300 hPa (Figures C and E). The warm advection by the anomalous winds may induce the weak positive SATAs in December. In January, negative SATAs appear over CA, corresponding to the significant negative geopotential height anomalies at 300 hPa and anomalous northeasterlies at both 850 and 300 hPa (Figures 5B,F), which indicates the cold advection by the anomalous winds may cause the cold anomalies over CA. Besides, the decline of the downward shortwave radiation caused by the negative geopotential height anomalies at 300 hPa may also contribute to the cold anomalies. Though differences exist between the PC2 and −Niño4-related warm SATAs over CA in December (Figures 3A, 5A), similarity at some level still exists between the PC2 and −Niño4-related anomalous geopotential height and winds. Furthermore, the abrupt change in the influence of the cold CTP SSTAs on the SATAs in December and January may contribute to the reversal of the SATAs over CA. The results also imply that the cold CTP SSTAs may not be the single factor for the reversal of SATAs over CA, however, it is out of the scope of this study but deserves further investigations in the future.
[image: Figure 5]FIGURE 5 | Regressions of December (A) SAT (shading; °C) and (C) 850 hPa and (E) 300 hPa geopotential height (shading; m) and winds (vectors; m s−1) onto the −Niño4 for the period 1979–2017 (B,D,F) As in (A,C,E) but for January during 1980–2018. The black dashed boxes show the region of CA; anomalies significant at the 95% confidence level are denoted by dots and purple contour lines, as estimated by the Student’s t-test.
3.3 Possible Mechanisms of the Impacts of Cold CTP SSTAs on the Reversal of SATAs Over CA
To explore the possible physical mechanisms behind the impact of remote SST forcing on the reversal of SATAs between December and January over CA, the −Niño4-related 300 hPa geopotential height anomalies and the wave activity fluxes in December and January are analyzed (Figure 6). In December, a wave train extends from the North Pacific to CA, crossing North America and the North Atlantic. This wave train consequently results in the positive geopotential height anomalies over CA (Figure 6A). In contrast, in January, the wave train originates from the mid-latitude North Pacific and mainly propagates in the meridional direction (Figure 6B). This wave train cannot reach CA to influence the local SATAs. Interestingly, a wave train starting from the North Atlantic could reach CA and result in the local negative geopotential anomalies and SATAs. Therefore, two questions are raised regarding the possible mechanisms underlying the different roles of the wave trains associated with the −Niño4 between December and January: 1) why does the propagation of the wave train from the North Pacific differ between December and January; and 2) how do the cold CTP SSTAs in January cause the negative SATAs over CA in January?
[image: Figure 6]FIGURE 6 | (A) Regression of December 300 hPa geopotential height (shading; m) onto the −Niño4 for the period 1979–2017; and the associated horizonal components of the wave activity flux (vectors; m2 s−2) (B) As in (a) but for January during 1980–2018. Anomalies significant at the 95% confidence level are denoted by purple contour lines, as estimated by the Student’s t-test.
For the first question, the different Gill-type responses to the cold CTP SSTA between December and January may play a key role. The Gill-type response is the stationary Rossby wave response to the tropical SST anomalies (Gill, 1980). The Gill-type response corresponding to the cooling SST anomalies of La Niña winters can be characterized by a pair of low-level anticyclonic anomalies residing at the northern and southern sides of the equator, along with low-level easterly wind anomalies and cyclonic anomalies symmetrical about the equator at the upper level of the troposphere (Yuan and Yan, 2013; Zhang et al., 2015). In Figure 7, the Gill-type response to the CTP SSTAs is remarkable: on the one hand, anomalous easterlies and symmetric anticyclones at 1,000 hPa appear around the region (20°S‒20°N, 170°E‒120°W) in both December and January (Figures 7A,B), and the easterly anomalies are relatively stronger in January than in December; whilst on the other hand, in both December and January, a pair of cyclonic anomalies appears over the CTP at 300 hPa, and these anomalous cyclones in January are much stronger than they are in December (Figure 7C,D). The result implies that the Gill-type response to the cold CTP SSTAs in January is stronger than in December.
[image: Figure 7]FIGURE 7 | Regressions of the December (A) 1,000 hPa geopotential height (shading; m) and winds (vectors; m s−1), and (C) 300 hPa geopotential height (shading; m) onto the −Niño4 for the period 1979–2017 over the Pacific (B,D) As in (A, C) but for January during 1980–2018. Anomalies significant at the 95% confidence level are denoted by dots and purple contour lines, and vectors represent the anomalous winds significant at the 95% confidence level, as estimated by the Student’s t-test.
With the enhanced Gill-type response in January, the influence of cold CTP SSTAs on the extratropical atmosphere over the North Pacific are strengthened. In January, corresponding to the enhanced 300 hPa cyclonic anomalies in the region (0°‒20°N, 160°‒130°W), stronger positive geopotential height anomalies appear in the region (30°‒60°N, 180°‒150°W) (Figure 7C,D). Consequently, intensified wave activity fluxes are driven by the positive geopotential height anomalies, as seen in Figure 6. Also, the more remarkable meridional dipole structure of the geopotential height anomalies over the North Pacific might cause the meridional propagation of the Rossby waves.
Additionally, the reason why the Gill-type response to the cold CTP SSTAs in January is stronger than that in December is explored. Previous studies have revealed that a strengthening of the tropical heating could lead to a stronger Gill-type response (Xing et al., 2014). Besides, Lee et al. (2009) suggested that a stronger and more equatorward jet stream could result in a stronger Gill-type response in the tropical atmosphere, along with stronger responses in the extratropical atmosphere. Figure 8 shows the CTP SSTI-related SSTAs and the climatological 300 hPa zonal winds in December and January. The cold SSTAs in the CTP region in January are slightly stronger than these in December, but their difference is not statistically significant (Figure 8A–C). Additionally, the subtropical jet stream over the North Pacific in January is stronger and situated more towards the equator (Figure 8D–F), which may lead to the strengthened Gill-type response in the tropics, as indicated by Lee et al. (2009). Thus, the CTP SSTAs in December and January may excite different Gill-type responses in the tropical atmosphere due to the difference in the climatological jet stream. Subsequently, the different Gill-type and extratropical atmospheric responses finally lead to a different propagation of Rossby waves between December and January.
[image: Figure 8]FIGURE 8 | (A) Regressions of December SST over the Pacific onto the −Niño4 (shading; °C) for the period 1979–2017 (B) As in (A) but for January during 1980–2018 (C). Regression of the SST difference between January and December over the Pacific onto the −Niño4 (shading; °C) for the period 1979–2017 (D) Climatological December 300 hPa zonal wind (shading; m s−1) for the period 1979–2017 (E) As in (D) but for January (F) Difference in the climatological 300 hPa zonal wind between January and December (shading; m s−1) for the period 1979–2017. Anomalies significant at the 95% confidence level are denoted by dots, as estimated by the Student’s t-test.
In terms of the second question, the strong 300 hPa zonal wind anomalies associated with the CTP SSTAs may play a crucial role. In January, significant positive and negative 300 hPa zonal wind anomalies appear in the regions (40°‒60°N, 180°‒120°W) and (20°‒40°N, 180°‒120°W), respectively (Figure 9A). The meridional structure of the anomalous zonal wind can be linked to the dipole structure of the geopotential height anomalies in the January (Figure 7D). Corresponding to the wind anomalies, significant positive and negative STEA anomalies appear over the eastern North Pacific (Figure 9A,B). These STEA anomalies can travel eastwards to the North Atlantic via the downstream development of wave packets (Rivière and Orlanski, 2007; Li and Lau 2012a, Li and Lau 2012b). Accordingly, the strength of STEA over the North Atlantic shows non-significant positive anomalies over (40°‒60°N, 60°‒30°W) and significant negative anomalies over (20°‒40°N, 60°‒30°W) (Figure 9B). Such a dipole structure of STEA anomalies facilitates a positive geopotential height tendency over the region (40°‒50°N, 60°‒30°W) (Lau and Holopainen 1984), which may lead to the positive geopotential height anomalies associated with the −Niño4 index (Figure 9C). Hence, the CTP SSTAs may influence the STEA over the North Atlantic, by which the positive geopotential height over the North Atlantic can be forced, and then the Rossby waves excited by the positive geopotential height can propagate to CA to cause the local cold SATAs in January. Moreover, the positive geopotential height over northwestern CA forced by the anomalous STEA may also contribute to the driving of the Rossby waves and the cold SATAs.
[image: Figure 9]FIGURE 9 | (A) Regression of January 300 hPa zonal wind onto the −Niño4 (shading; m s−1) and the climatological January 300 hPa zonal wind (contours; m s−1) for the period 1980–2018 (B) Regression of January 300 hPa STEA onto the −Niño4 (shading; m2 s−2) for the period 1980–2018 (C) Regression of the January 300 hPa eddy-induced geopotential height tendency (shading; m day−1) and geopotential height (contours; m) onto the −Niño4 for the period 1980–2018. In (C), zero contours are omitted and negative values are dashed. The black dashed boxes show the region of CA; anomalies significant at the 95% confidence level are denoted by dots, as estimated by the Student’s t-test.
3.4 Validation by Model Experiments
In this section, three experiments were designed to validate the mechanisms given above. The first one forces the model with the climatological seasonal cycle of global SST and sea ice (referred to as Ctrl). Ctrl was integrated for 50°years, and the first 20°years were used for model spin-up and the remaining years were used for analysis. In the second experiment (referred to as Run1), the boundary forcing was changed to the climatological seasonal cycle of global SST with additional SSTAs over the tropical Pacific region (10°S‒10°N, 150°E‒90°W) from December to the following January. The SSTAs used here were the regressions of the December (January) SST onto the simultaneous −Niño4 index during 1979–2017 (1980–2018), and keeping the same value in December (January). Run1 included 30 members. Each member was integrated from 30 November to 31 January of the following year with the initial conditions taken from Ctrl. The third experiment (referred to as Run2) was similar to Run1, except that the SSTAs added to the climatological seasonal cycle of the global SST in December and January were both from the regression of the December SST onto the −Niño4 index during 1979–2017.
The composite differences in the SAT and 300 hPa geopotential height between Run1 and the control run are given in Figure 10. In December, although the SATAs over CA in Run1 are weak and non-significant (Figure 10A), the geopotential height in December is similar to the −Niño4 index-related geopotential height anomalies (Figure 10C). The Gill-type geopotential height anomalies appear over the tropical Pacific and match with the obvious result. Furthermore, the positive anomalies over the Bering Strait, the negative anomalies over North America, and the weak negative anomalies over western Europe in Run1 correspond to the −Niño4 index-related geopotential height anomalies. Thus, the numerical experiments roughly reproduce the mechanism of the −Niño4 index’s impacts on CA in December. In January, strong and significant negative SATAs appear over CA (Figure 10B), and the geopotential height anomalies are similar to the observational anomalies (Figure 10D). Interestingly, the Gill-type geopotential height anomalies over the tropical Pacific are stronger than in December, as expected. The results from Run1 in December and January support the proposed mechanism. On the one hand, in December, there is a similarity between the geopotential height anomalies and the −Niño4-related geopotential height anomalies, which validates the suggestion that an eastward-propagating Rossby wave train may be excited by the anomalous cold CTP SSTA in December. On the other hand, in January, a stronger Gill-type response in the tropical Pacific is excited by −Niño4-related SSTAs, and may cause significant negative SATAs over CA.
[image: Figure 10]FIGURE 10 | Composite difference in the (A) December SAT (shading; °C) and (C) geopotential height (shading; m) between Run1 and Ctrl (B,D) As in (A, C) but for January. The contours in (C, D) show the regression of the 300 hPa geopotential height onto the −Niño4 index for December during 1979–2017 and January during 1980–2018, respectively, in which zero contours are omitted and negative values are dashed. The black dashed boxes show the region of CA; anomalies significant at the 95% confidence level are denoted by dots, as estimated by the Student’s t-test.
Since the SST forcings used in Run1 in December and January were different, as shown in Figure 8C, it is possible that the different responses in Run1 are caused by the difference in the SST forcings. Thus, in Run2, the same SST forcing [the −Niño4-related SSTAs over the region (10°S‒10°N, 150°E‒90°W) in December] was added in December and January. The composite differences in the SAT and 300 hPa geopotential height between Run2 and Ctrl are given in Figure 11. The results closely resemble those of Run1. The similarity between Run1 and Run2 provides further support to the notion that changing climatological background winds might play an important role in the reversal of the SATAs over CA.
[image: Figure 11]FIGURE 11 | As in Figure 10 but for Run2.
4 CONCLUSION AND DISCUSSION
Subseasonal changes in winter SATAs over CA can cause severe damage in terms of socioeconomic development in this region. In this study, the monthly reversal of the December and January SATAs over CA was investigated.
The MV-EOF analysis method was employed to identify the leading modes of the monthly variation of the SATAs. The second leading mode of MV-EOF represents the monthly reversal of the SATAs, which corresponds to contrasting geopotential height anomalies between December and January (Figure 3C‒F). The relationship between the MV-EOF2 and remote forcing of the cold CTP SSTAs was studied. Significant negative SSTAs appear over the CTP within the Niño4 region in both December and January, and the −Niño4 index was adopted to represent the variation of the CTP SSTAs (Figure 4). The −Niño4-related SATAs and geopotential potential height anomalies were checked. In December, the CTP SSTAs can lead to positive but weak SATAs over western and northern CA, while in January, the CTP SSTAs may lead to strong cold SATAs over CA (Figure 5). The abrupt change in the influence of the cold CTP SSTAs on the SATAs in the 2 months can contribute to the reversal of the SATAs over CA.
The mechanisms behind the different impacts of remote SST forcing in December and January were studied, and two interesting phenomena were noticed (Figure 6). First, in December, the wave train from the North Pacific can reach CA, while in January the wave train form the North Pacific mainly propagates in the meridional direction and cannot reach CA. Second, the January SATAs of CA are influenced by the wave train from the North Atlantic. The following research of this study revolved around these two phenomena.
Firstly, the difference between the wave train propagation in December and January was researched. It was found that the negative CTP SSTAs in December and January can excite a Gill-type response in the tropical atmosphere of the Pacific. In December, the Gill-type response can excite eastward-propagating Rossby waves over the North Pacific, which can then directly cause the positive geopotential height anomalies and positive SATAs over CA. In January, as the climatological subtropical jet stream over the North Pacific is stronger and situated more towards the equator, the Gill-type response over the North Pacific is stronger than that in December. The Rossby wave train over the North Pacific propagates mainly in the meridional direction and is unable to reach CA.
Secondly, the process was studied by which the cold CTP SSTAs can cause the cold SATAs over CA in January. The intensified positive and negative wind anomalies in January over the North Pacific can cause stronger STEA, which can extend to the North Atlantic and influence the local STEA. Accordingly, the eddy-induced positive geopotential height anomalies will excite Rossby waves and cause the negative geopotential height anomalies and negative SATAs in January. To validate the mechanism, especially the roles of the SSTAs and changing climatological background winds, two sensitivity experiments were designed. The results roughly reproduced the influence of the cold CTP SSTAs on CA, and therefore lend support to the proposed mechanism.
In this work, the impact of the CTP SSTAs on the reversal of SATAs over CA in December and January was treated as the major remote forcing to be investigated. However, it is also true that the correlation coefficient between the −Niño4 index and PC2 is not large, and the PC2-related SATAs over CA in December are different from the −Niño4-related SATAs and the model results over CA. The differences between the PC2 and −Niño4-related SATAs in December imply that other climatic factors may also roles in the reversal of SATAs over CA. The atmospheric circulation over northern Eurasia could be very important in driving the response of the SATAs over CA. For example, the positive phase of Scandinavian Pattern is associated with cooling over central Russia and western Europe (Bueh and Nakamura, 2007; Liu et al., 2014). Besides, boundary forcings, such as North Atlantic SST, Arctic sea ice and snow cover may also have an influence (Mori et al., 2014; Chen et al., 2019; Chen et al., 2020). For example, Mori et al. (2014) pointed out that the SATAs over Eurasia could be influenced by the Warm Arctic–Cold Continental pattern, which is modulated by the Arctic sea-ice variability. As to the model results, two possible reasons may be responsible the differences between the model results and the PC2-related SATAs in December. First, the performance of the AGCM may be limited for the variability of atmospheric circulation at monthly scale. Second, as discussed above, other possible climatic factors may play a role in the reversal of SATAs over CA, such as the North Atlantic SSTAs. However, the cold CTP SSTAs is the only boundary forcing that are added in our experiment, which may lead to a deviation from the observational results. Though the performance of the AGCM in December is different from our expectation, the sudden cooling in the January is well simulated by the AGCM. The significantly different influence on the SATAs over CA shown in the experiments indicates that the cold CTP SSTAs plays an important role in the reversal of the SATAs over CA. In short, consideration of other factors and careful experimental design are needed to provide a full understanding of the reversal of the SATAs over CA in December and January.
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