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Abstract

:

The North Atlantic tripole (NAT) is the leading mode of sea-surface temperature (SST) in the decadal time scale. Although the NAT is forced by North Atlantic oscillation (NAO), it also has an effect on the atmosphere; for example, the early winter tripole SST signal can influence storm tracks in March. As the NAT not only changes the baroclinicity of the lower layer but also modifies the moisture being released into the atmosphere, we surmise that the NAT has an impact on moisture transport and atmospheric rivers in the decadal time scale. Using ERA5 reanalysis data, the decadal variations in Atmospheric Rivers (ARs) in the North Atlantic in boral winter in relation to NAT phases were studied. During the positive NAT phase, the positive SST in the central and western North Atlantic increases the humidity and causes an anticyclonic wind response, which enhances the northeastward transport of moisture. As a result, ARs tend to be longer and transport more moisture toward northwestern Europe. This causes enhanced extreme rain in the UK and Norway. During the negative NAT phase, the positive SST anomalies in the south and east of the North Atlantic provide more moisture, induce a southward shift of the ARs and enhance extreme rain in the Iberian Peninsula. The Gulf Stream (GS) front is stronger during the negative NAT phase, increasing the frequency of the atmospheric front and enlarging the rain rate in ARs.
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1. Introduction


Atmospheric rivers are long, narrow water vapor transport bands and they are a major means by which water vapor can be transported in mid-latitudes [1]. Due to their large amount of water vapor, ARs can cause precipitation and flooding when making landfall, especially in the mountainous regions [2]. North Atlantic ARs have a significant impact on severe rainfall, responsible for approximately 20–30% of all precipitation in parts of western Europe [3]. For example, in Norway, Scotland and the Iberian Peninsula, most extreme daily precipitations are associated with ARs [4,5,6]. Atmospheric rivers are closely related to extratropical cyclones (ECs) and are often identified in the warm sector of ECs and some studies specifically consider ARs to be portions of the EC system [7]. As the storm tracks are affected by the ocean, such as the SST variations, the occurrence of ARs is also found to be influenced by both large-scale SST variations [8] and mesoscale SST anomalies [9].



In the interannual–decadal time scale, variation in ARs and extreme precipitation in western Europe are reported to be affected by the North Atlantic oscillation (NAO). Under negative North Atlantic oscillation (NAO) conditions, southern Europe is most affected by ARs, while AR landfall in northern Europe is more associated with positive NAO [5]. As the direct response of the ocean mixed layer to NAO [10], the North Atlantic tripole (NAT) distribution is the leading mode of SSTs in the decadal time scale [11,12]. In the multidecadal time scale, the ocean response to NAO shows a monopole SST pattern, with an estimated period of 60–80 years, which is known as the Atlantic Multidecadal Oscillation (AMO) [13,14]. The AMO modulates the NAO variation and the relationship between north Atlantic SST anomalies and storm tracks [13,15]. Leading by several months, the tripole SST anomalies positively affect NAO [16,17]. The early winter (November–December) tripole SST signal can change the lower tropospheric baroclinicity and influence storm tracks in March [15]. As ARs are closely related to storm tracks, does the NAT have an impact on ARs?



Although the NAT is the ocean response of NAO, from the time series of the two, between 1980 to 2020 (Figure 1a), we noted that the NAT variation considerably differs from that of NAO. First, NAO essentially varies in an interannual mode, while the NAT mainly varies in the decadal time scale. For example, during the 40 years from 1980 to 2020, the NAT showed a decadal variation, with the positive and negative NAT phases beginning from 1982 and 1995 and ending in 1996 and 2012 (Figure 1a), respectively, while NAO mainly showed an interannual variation (Figure 1c). Second, from the EOF1 distribution of NAT mode (Figure 1b), we noted a positive SST signal spreading along the GS ocean front. This suggests a difference in the GS front between the two NAT modes, which may also induce the response of ARs in the North Atlantic, as suggested in the work conducted by Wu et al. [18]. The ARs induce extreme rain during landfall in western Europe; for example, the 95% extreme rainfall in Norway and the UK shows much higher and lower occurrence tendency during NAT+ and NAT− modes (Figure 1d), respectively. Is this decadal change in extreme rainfall related to the different behavior of ARs in NAT+ and NAT− modes? With the aim of addressing these research questions, we are interested in studying the decadal variation in ARs related to the NAT.



To investigate the decadal variation in ARs related with the NAT, we selected 10 years during each NAT mode for a composite study. Then, we verified the difference in storm tracks, zonal jet, AR occurrence and precipitation in western Europe between the NAT+ and NAT− modes. The effect of the GS front on ARs was also investigated. This paper is laid out as follows: In Section 2, the data and methods are provided. In Section 3, we show the decadal variation in ARs related to the NAT and explain the reason via analysis of the background atmospheric circulation. In Section 4, we compare the characteristics of ARs and investigate the influence of the Gulf Stream ocean front on ARs during NAT+/− mode. In Section 5, the conclusion is provided. The effect of the NAO and AMO on the decadal variation in ARs is also discussed in Section 5.




2. Data and Methods


2.1. Data


This article uses the ERA5 reanalysis datasets with a 0.25° × 0.25° spatial resolution. To investigate the effect of the NAT on ARs, we chose to study the boral winter (JFM). Variables such as the velocity, temperature, precipitation, surface-sensible heat flux and vertically integrated moisture flux were retrieved with 6 h temporal intervals. The period 1980–2019 (40 years) was used for the analyses. A 2‒15-day bandpass filter was applied to obtain the anomaly of velocity in order to calculate the eddy kinetic energy (EKE) for synoptic variation.




2.2. The NAT, NAO and AMO Index


To focus on the decadal variation of SSTs in the North Atlantic, firstly, we obtained yearly SST data by averaging each three months in boral winter (JFM). Then, following [10,19], the NAT pattern was defined as the first empirical orthogonal function (EOF) of that yearly SST over the region (10° N–70° N, 80° W–0° E), after the linear trend was removed. The principle component time series of that first EOF mode is the NAT index.



The NAO Index data were provided by the Climate Analysis Section, NCAR, Boulder, USA, using the definition developed by Hurrell et al. [20] and the AMO Index data derived from HadISST using Trenberth and Shea’s definition [14]. The index data were retrieved from https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based (accessed on 25 August 2021) and https://climatedataguide.ucar.edu/climate-data/atlantic-multi-decadal-oscillation-amo (accessed on 25 August 2021).




2.3. AR Detection and Composition


There are many ways to capture ARs, but many scholars have accepted the value of vertically integrated water vapor transport (IVT) as the criterion [21]. Using the vertical integral of eastward and northward water vapor flux from the ERA5 reanalysis, we calculated IVT using the following formula:


  IVT =     (  1 g    ∫   1000   300   qudp )  2  +    (   1 g    ∫   1000   300   qvdp  )   2     



(1)




where p is the pressure of atmosphere, q is the specific humidity, u is the zonal wind, v is the meridional wind and g is the acceleration due to gravity.



Then, the IVT threshold was selected as an abnormal value of 250 kg m−1 s−1. Structures longer than 2000 km and narrower than 1000 km were detected as ARs [22]. We detected 5000+ ARs from the 6 h data during NAT-positive and -negative years. The AR occurrence frequency is defined as the number of days with an AR divided by the total number of days for study on each grid. ARs were designated as landfalling if the outmost contour intersected the coastline. The frequency of landfalling ARs was calculated using the same method as the AR occurrence frequency.



In order to analyze the individual characteristics of ARs in more detail, we used the polar coordinate interpolation method [23,24] to obtain the composite field of ARs. Prior to the composite, all variables were stretched to a standardized coordinate system with common centers, interpolated into a grid of 100 × 100 and R represents 1 time the AR-long axis.




2.4. Atmospheric Fronts Detection


To detect the atmospheric fronts and examine their relationship with ARs, following the work conducted by Parfitt et al. [25], we calculated the frontal variable F* of 900 hpa:


   F  *    =  ζ  900 hPa     | ∇ (  T  900 hPa   ) | ,   



(2)




where ζ is the relative vorticity and T is the temperature of the atmosphere. Then, F* was divided by typical scales to obtain the nondimensional value F:


  F = F * /  (  f    |  ∇ T  |   0   )  ,  



(3)




where    | ∇ T |  0  = 0.45 K / ( 100 km )  and f is the Coriolis parameter value of the relevant latitude. Regions with F ≥ 1 were defined as the atmospheric front.





3. Decadal Variation of ARs in Relation to the NAT


The first mode of the EOF of North Atlantic SSTs (which explains 26% of the total variance) showed a positive SST anomaly near the southeastern coast of the United States and two negative anomalies in the east of Newfoundland and in the tropical eastern Atlantic (Figure 1b). This percentile of the first EOF agrees with former studies [26,27]. Although the percentile of this NAT mode was not very high, it could force a NAO-like pattern, which explains 47.7% of the 500 hPa geopotential variance [26]. It could influence the storm tracks in March [16]. It was also an important part in the quasi-60 year circle of the NAO–AMO coupled mode [27]. From its time series (Figure 1a), the first mode was in the positive phase (NAT+) during the period 1982–1996 and in the negative phase (NAT−) from 1995 to 2012, exhibiting significant decadal variation. The distribution and time series of the NAT agree with those observed by Fan and Schneider [11]. To compare the difference in the ARs during the two NAT modes, we chose the years in which the NAT index was higher than one standard deviation to represent NAT+ mode years (1983–1986, 1989–1991 and 1993–1995) and NAT− mode years (1998, 2002–2006 and 2010–2011) for composite analysis (the red and blue marks in Figure 1a). From the EOF1 pattern of the NAT (Figure 1b), we noted a positive SST signal spreading along the GS ocean front. To explore whether this positive SST signal strengthened or weakened the ocean front, we plotted the SST gradient difference between NAT+/− years (Figure 2a,b). It can be observed that, along the upper stream of the GS extension, the SST gradient was smaller in NAT+ years (Figure 2b). The profile of the zonal-averaged (between 65° W and 55° W) SST gradient shows an increase in ocean front between 40° N and 42° N during NAT− years, which agrees with the finding in Wu et al. [18]. The effect of this SST gradient variation on ARs is discussed in Section 4.



To investigate the decadal variation in ARs in the North Atlantic, we compared the composite distribution of the mean IVT, EKE and occurrence of ARs between the NAT+ and NAT− years. From Figure 3, the maximum IVT distributed along the south of the GS front in both NAT+/− years. During NAT+ years, the IVT spread from the southwest straight forward to the northeast, while the IVT remained south of the GS front during NAT− years. The EKE fields show similar features. The centers of the EKE were located to the north of the IVT, because the moisture transport was mainly distributed in the south of the ECs [28]. A clear northward shift in the IVT and EKE can be seen in NAT+ years (Figure 3).



The AR occurrence frequency is similar to the distribution of the IVT. During NAT+ years, ARs spread from the south of the GS front toward the UK during NAT+ years (Figure 4), while during NAT− years, ARs were more confined to the south of the GS front. The AR occurrence frequency increased by about 6% in north Europe and decreased by more than 6% south of the GS front, which is about one quarter of the total, suggesting a significant influence of the NAT on ARs. To investigate why ARs had more of an influence on northern Europe during NAT+ years, we checked the length of ARs in the two scenarios. As shown in Figure 4d, the length of ARs was mainly 20–60 degrees. ARs tend to be longer and shorter during NAT+ and NAT− years, respectively. Thus, during NAT+ years, the ARs spread in a more straightforward manner from the south of the GS front toward western Europe.



As ARs encounter the western coast of Europe, which is also called landfalling of ARs [1], large amounts of water vapor are transported and extreme precipitation is induced. In regions of western Europe, such as the UK, Norway and Iberia Islands, most extreme rainfall is reported to be connected by landfalling ARs [5]. Figure 5 shows the frequency of landfalling ARs. The difference between the landfalling frequency is significant; during NAT+ years, the frequency increased by 3%, which is half of the total. The landfall caused by ARs induced heavy rain in western Europe. It is clear that more precipitation affected northern Europe during NAT+ years when ARs were longer and moving straight northeastward. The rain rate increased by more than half in the UK and Norway, while it decreased significantly in Iberia Islands during NAT+ years. The increase in extreme rainfall agrees with Figure 1d, which shows higher occurrence of 95% extreme rain in the UK and Norway during NAT+ years, while during NAT− years, more extreme rain occurred in Portugal can be observed. Thus, it can be stated that it is the northward shift in the AR landfall location that caused the increase and decrease in extreme rain in the UK and Portugal, respectively, during NAT+ years. This raises the following question: what caused the change in the AR landfall locations?



As the NAT is closely related to the NAO, first, we examined the literature on NAO-related atmospheric circulations. The positive NAO mode leads to enhanced westerly flow, poleward shift in the jet stream and a northward shift of the mid-latitude storm track [29,30,31]. Seager et al. [32] studied the relationship between precipitation in western Europe and NAO and they found that for, a positive NAO, anomalous moist advection induced enhanced precipitation in northwestern Europe and drying in southwestern Europe. Ummenhofer et al. [33] found that the north increase–south decrease pattern of rain distribution in western Europe is related to a positive SST anomaly in the central Atlantic. This gives rise to the following question: how is atmospheric circulation variation related to the NAT?



In order to investigate the background flow during the NAT+/− phases, the composite maps of zonal wind on 300 hPa, geopotential on 500 hPa and vertically integrated water vapor transport are shown in Figure 6. During NAT+ phases, the jet stream on 300 hPa was stronger than that during NAT− phases. The geopotential on 500 hPa showed a larger trough during NAT− phases, which is associated with a jet that was increased south of the GS but decreased in the eastern part of the Atlantic. This distribution of the jet stream agrees with the pattern of storm tracks (Figure 3e), in which, during NAT− phases, the storms were more confined to the south of the GS. As NAT+ years were also present in the NAO-positive phase, the background flow features above might be the combined effect of the two variations.



As suggested by Ramos et al. [34], the moisture source of ARs is not only the local ocean surface but also the tropical region. To verify the moisture source during NAT+/− phases, we plotted vertically integrated moisture divergence (VIMD) in Figure 6, which indicates the moisture source according to the work of Gimeno et al. [35]. In agreement with this, the positive VIMD was located south of 30° N. Associated with the jet stream and EKE distribution, the positive VIMD spread further northeastward during the NAT+ phase. To explain how the NAT affected the moisture transport, we plotted regressed maps of moisture and wind anomaly on the NAT index (Figure 7a,b). It can be observed that, during the NAT+ phase, the wind anomaly on 850 hPa formed an anticyclone between 20° N and 50° N, agreeing with the work of Souza and Cavalcanti [36] and Seager et al. [32], when the NAO-positive phase was presented. In Figure 7b, the regressed map of humidity on the NAT shows an increased and decreased specific humidity west and east of the Atlantic during the NAT+ and NAT− phases, respectively, also corresponding with the positive and negative SST anomalies, respectively. This humidity anomaly pattern, together with the anticyclonic wind anomaly, increased the positive VIMD along 30° N and transported more moisture northeastward during the NAT+ phase. This explains why IVT and ARs are strong and extended more northward. During the NAT− phase, the positive humidity anomaly lay to the west of Iberia Island, confined the moisture source in south of 30° N and enhanced rain in southern Europe.



In summary, during the NAT+ phase, the trough of Z500 is weaker and the subtropical jet is stronger, which induces the northward shift of the storm track and AR frequency. During the NAT− phase, water vapor is confined to the south of the GS front due to the weakened trade wind and northward moisture transport, resulting in the enhancement of ARs in the south of the GS front. Meanwhile, due to the strong trough of Z500, the subtropical jet is shorter and less ARs can affect northern Europe.




4. The Influence of the GS Ocean Front on ARs during NAT Phases


As shown in the study conducted by Darce et al. [7], ARs often form in the southern part of an AR when both the cold and warm fronts are present. As ARs more frequently occur to the south of the GS front, there should be a higher chance of an atmospheric front that is associated with ARs’ encounter with the GS front. As suggested by Parfitt et al. [37], a strong vertical flow forms when the atmospheric front interacts with the ocean front, resulting in strong upward movement and precipitation, which is called the thermal damping and strengthening (TDS) mechanism. Specifically, dQ/dy < 0 in the GS front means that the sensible heat flux gradient across the GS strengthens the atmospheric front in this area. As is shown in Figure 1 and Figure 2, during the NAT+ phase, the SSTs are greater in the GS region and the ocean front is weaker. In Figure 2e,f, the zonal-averaged dQ/dy and SST gradient (dT/dy) between 65° W and 55° W shows a strong SST gradient and low dQ/dy, suggesting a stronger ocean front and TDS mechanism during the NAT− phase.



To investigate the relationship between ARs and atmospheric fronts, as well as the variation in ARs during the two NAT phases, a composite analysis was performed. We constructed the composite patterns from 2200+ (2000+) ARs during NAT+ (NAT−) years from the 6-h data. In Figure 8, the shading is the composite IVT for ARs and the isolines are the SLP anomaly. As expected, there was a negative SLP center northwest of the ARs, showing the close relationship between an EC and an AR. During the NAT+ phase, the cyclone was strong, while, during the NAT− phase, the cyclone was weak but the positive SLP anomaly in the east was stronger, corresponding with the larger ridge in Z500 in the NAT− phase. Compared with that during the NAT− phase, the IVT in ARs were shifted northward, agreeing with the AR frequency distribution during the NAT+ phase. The humidity in ARs showed a significant northward shift. This is because the positive SST anomalies in the south and east increased the humidity during the NAT− phase (Figure 7a), supplying more moisture to the ARs in the south.



Figure 9 shows the relationship between ARs and atmospheric fronts. From the composite maps of the occurrence frequency of the atmospheric front and AR-related precipitation, the atmospheric front was mainly distributed in the north and east of the ARs, agreeing with the relative location of the atmospheric front and ARs in the work of Dacre et al. [7]. During the NAT− phase, the frequency of the atmospheric front increased near the center of ARs, which is related to the low dQ/dy and strong TDS mechanism shown in Figure 2. The precipitation was located near the atmospheric front, because when the atmospheric front encounters the ocean front, the upward flow is increased and more rain is induced [37]. During the NAT− phase, the precipitation in the AR central region also increased, together with the increase in the atmospheric front frequency. The regression of precipitation on the NAT index shows an increased precipitation in the southern and eastern part of the north Atlantic during the NAT− phase (Figure 7b), which is related to the humidity increase (Figure 7a) and agree with the composite result.



In summary, the SST gradient and TDS mechanism at the GS front are stronger during the NAT− phase, which strengthens the atmospheric front and increases precipitation.




5. Conclusions and Discussions


Using ERA5 reanalysis data, the decadal variations in ARs in the North Atlantic in boral winter in relation to NAT phases are studied. During the NAT + period, the positive SST in the central and western North Atlantic increases the humidity and causes an anticyclonic wind anomaly, which enhances the northeastward transport of moisture. As a result, ARs tend to be longer and transport more moisture toward northwestern Europe. This causes enhanced extreme rain in the UK and Norway. During the NAT− phase, the positive SST anomalies in the south and east of the North Atlantic provide more moisture, induce a southward shift in the ARs and enhance extreme rain in the Iberian Peninsula. The GS front is stronger during the NAT− phase, increasing the frequency of the atmospheric front and enlarging the rain rate in ARs.



These results indicate that the influence of the NAT on ARs is mainly achieved by increasing the humidity over positive SST anomalies. This changes the distribution of moisture transport and modifies the occurrence frequency of ARs. As NAT is also highly correlated with NAO and AMO, we further checked the regression maps of humidity and precipitation on NAO and AMO indexes (Figure 7). Although the negative humidity response near the Iberian Peninsula exists in both NAT and NAO regression maps, the positive humidity response south of the GS front is clearly seen only in that of the NAT (Figure 7a). This contributes to the increased rain along the GS front during NAT+ phase (Figure 7b). The northward shift of rain can be seen in the response to the NAO and NAT, but not in response to the AMO. The wind responses to the three indexes are all similar, suggesting similar atmospheric circulation correlated with the three indexes. Thus, the different behavior of ARs during NAT+/− phases are mainly induced by the difference in the humidity response. The NAT regulates the SST distribution, causes the tripole response in the humidity field and modifies the AR distribution by changing the moisture supply. To this extent, the decadal variations in ARs in this paper are mainly related to the NAT. In the future, numerical experiments are needed to precisely separate and compare the impact of the NAO, AMO and NAT on decadal variation in ARs.
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Figure 1. (a) Standardized time series of leading EOF of winter (JFM) SST showing NAT index from 1980 to 2019 (bar). The AMO index is overlapped using a solid black line. The positive-phase years are 1983–1986, 1989–1991 and 1993–1995 (red dots) and the negative phase years are 1998, 2002–2006 and 2010–2011 (blue stars). (b) Leading EOF showing tripole SST distribution. Dashed contours are climatological SSTs. (c) Time series of NAO index (bars) with 4-year running mean (solid black line). (d) Bars show the time series of extreme precipitation (mm/d) in eastern Iberia, northeast England and southeastern Norway (averaged in the black boxes in Figure 5f; higher than the 95th percentile). The black line is the NAT index. 
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Figure 2. (a) Colors are SST gradients (dT/dy) in NAT+ phase (K/m). Contours are mean SSTs in NAT+ phase (°C). (b) Difference in dT/dy between NAT+ and NAT− phases. Contours are mean SSTs in NAT− phase. (c) Air—sea sensible heat flux gradient (dQ/dy) in NAT+ phase (W m−2). Contours are the same as in (a). (d) Difference in dQ/dy between NAT+ and NAT−. Contours are the same as in (b). (e) Meridional distribution of dT/dy averaged between 55° W and 65° W. (f) Same as (e) but for dQ/dy. 
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Figure 3. (a) Distribution of IVT (colors, kg m−1 s−1) and mean SSTs (contours, °C) in NAT+ phase. (b) IVT (color) and SSTs (contour) in NAT− phase. (c) Difference in IVT (color) in NAT+ and NAT− phases. Black dots mark those above 95% confidence level based on a Student’s t-test. Right column (d–f) is same as the left but for EKE(m2/s2) on 300 hPa and contours are Z500 (10 m). 
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Figure 4. (a) AR occurrence frequency (colors, %) and mean SST (contours, °C) in NAT+ phase. (b) AR occurrence frequency (colors) and mean SST (contours) in NAT− phase. (c) The difference in AR occurrence frequency in NAT+ and NAT− phases (color). Black dots mark those above 95% confidence level based on a Student’s t-test. (d) Histogram of the percentage of the length (in degree) of ARs. A difference above 95% confidence level based on a Student’s t-test is marked by the blue stars over the bar. 
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Figure 5. (a) Distribution of AR landfalling frequency in NAT+ phase. (b) AR landfalling frequency in NAT− phase. (c) Difference: black dots mark the difference above 95% confidence level based on a Student’s t-test. Right column(d–f) is the same as the left but for AR-related precipitation (mm/d). Black boxes in (f) are regions that are averaged to obtain the time series of extreme precipitation in eastern Iberia, northeast England and southeastern Norway. 
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Figure 6. (a) Colors are distribution of U on 300 hPa (colors, m/s) and Z on 500 hPa (10 m, contours) in NAT+ phase. (b) Same as (a) but for NAT− phase. (c) Colors are distribution of VIMD (kg m−2 s−1) in NAT+ phase. Vectors are vertical integral water vapor flux (kg m−1 s−1) in NAT+ phase. (d) Difference in VIMD (color) and vertical integral water vapor flux (vectors) between NAT+ and NAT− phases. Black dots mark the difference above 95% confidence level based on a Student’s t test. 






Figure 6. (a) Colors are distribution of U on 300 hPa (colors, m/s) and Z on 500 hPa (10 m, contours) in NAT+ phase. (b) Same as (a) but for NAT− phase. (c) Colors are distribution of VIMD (kg m−2 s−1) in NAT+ phase. Vectors are vertical integral water vapor flux (kg m−1 s−1) in NAT+ phase. (d) Difference in VIMD (color) and vertical integral water vapor flux (vectors) between NAT+ and NAT− phases. Black dots mark the difference above 95% confidence level based on a Student’s t test.



[image: Atmosphere 12 01252 g006]







[image: Atmosphere 12 01252 g007 550] 





Figure 7. (a) Regression of specific humidity on 850 hPa (colors, g kg−1) and wind velocity on 850 hPa (vectors, m s−1) on NAT index. The second row (c,d) and third row (e,f) are the same as the first row (a,b) but for regression on NAO and negative AMO index, respectively. Purple contours mark the signal above 95% significance level. 
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Figure 8. (a) Composite of IVT (color, kg m−1 s−1) and SLP anomalies (contours in interval of 1 hpa) in ARs during NAT+ phase. (b) Same as (a) but for NAT− phase. (c) Difference in IVT (color) between NAT+ and NAT− phases. Contours are IVT in NAT+ phase from 50 to 350 with the interval of 50 kg m−1 s−1. Black dots mark those above 95% confidence level based on a Student’s t-test. (d) Same as (c) but for specific humidity on 850 hPa (g kg−1). The blue diamond in each sub-figure marks the center of the domain. R on the axes is the normalized length of ARs. The range of AR length is shown in Figure 4d. The length of more than 60% of ARs is within 40 degrees (which is about 4000 km). 
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Figure 9. (a) Composite of atmospheric front frequency (color, %) and IVT (contour, kg m−1 s−1) in ARs during NAT+ phases. (b) Same as (a) but for NAT− phase. Contours are IVT (contour) in NAT+ phase from 50 to 350 with the interval of 50 kg m−1 s−1. (c) Difference in front frequency (color) between NAT+ and NAT− phases. Contours are IVT of 50 and 350 kg m−1 s−1 showing the range and center of the AR in NAT+ phase. The black dots mark those above 95% confidence level based on a Student’s t-test. Right column(d–f) is same as the left but for AR-related precipitation (mm/d). The blue diamond in each sub-figure marks the center of the domain. 
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