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Abstract

The Gulf Stream plays an important role in the development of atmospheric
phenomena over the North Atlantic. This study investigates the effects of the Gulf Stream on
the air-parcel trajectories of ascending air streams in extratropical cyclones (ETCs). These
trajectories are referred to as ETC’s ascending air-parcel trajectories (EAA trajectories). The
EAA trajectories are analyzed by using two numerical experiments of an atmospheric general
circulation model (AGCM) for 20-year winter from December 1981 to February 2001: one
with daily observational sea surface temperature (SST) data called CNTL and the other with
smoothed SST data over the Gulf Stream SST front called SMTHG. The EAA trajectories are
identified as trajectories that ascend across the 900 hPa surface, which roughly corresponds to
the top of the marine atmospheric boundary layer, near ETCs. It is found that EAA
trajectories occur more frequently at 900 hPa level along the Gulf Stream current axis after its
separation from the coast in CNTL than in SMTHG. The EAA trajectories crossing the 900
hPa height in this region are referred to as frontal EAA trajectories. Frontal EAA trajectories
in the CNTL experiment reach higher altitudes than those in SMTHG, and travel longer
horizontal distances. About two-thirds of the larger ascent of frontal EAA trajectories in
CNTL than in SMTHG is explained by the effect of the diabatic heating. During the ascent
phase, the diabatic heating of EAA trajectories in CNTL is stronger than that of SMTHG.
Before ascending in the free troposphere, the frontal EAA trajectories are more strongly
warmed through the sensible heat flux and moistened via the latent heat flux by the Gulf
Stream in CNTL than in SMTHG. The additionally supplied moisture in CNTL than in
SMTHG is used as the latent heat release, resulting in stronger ascending motion of frontal
EAA trajectories. These results highlight that the Gulf Stream plays an important role in

ascending air streams in ETCs over the North Atlantic.
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1. Introduction

Western boundary currents that have a strong sea surface temperature (SST) front are
important for air-sea interaction in midlatitude (Small et al. 2008; Kwon et al. 2010; Minobe
et al. 2010). These currents transport warm water from the lower latitudes and release a large
amount of heat and moisture to the atmosphere over the midlatitude ocean (Kuwano-Yoshida
et al. 2010; Ogawa and Spengler 2019; Tsopouridis et al. 2020). The western boundary
currents strengthen near-surface wind convergence, precipitation, and upward winds along
the SST fronts (Minobe et al. 2008; Shimada and Minobe 2011; Small et al. 2019; Masunaga
et al. 2020). Also, these ocean currents influence several atmospheric phenomena such as
extratropical cyclones (ETCs; Nakamura et al. 2012; Kuwano-Yoshida and Minobe 2017;
Zhang et al. 2019), storm tracks (Wilson et al. 2009; Brayshaw et al. 2011; Ogawa et al.
2012; Small et al. 2014; Piazza et al. 2016; Ma et al. 2017) and atmospheric blocking
(O'Reilly and Czaja 2015; O’Reilly et al. 2016; Joyce et al. 2019; Yamamoto et al. 2021).
Especially, ETCs are important because they affect the formation of storm tracks and
atmospheric blocking (Steinfeld and Pfahl 2019; Priestley and Catto 2022).

In ETCs, there are ascending airstreams that are related to precipitation and
intensification of cyclones, strong and well-organized ascending airstreams in ETCs are
called the warm conveyor belt (WCB; Booth et al. 2012; Binder et al. 2016). The WCB is a
warm and moist airstream that rises coherently from the marine atmospheric boundary layer
(MABL) to the upper troposphere in ETCs (Browning 1986). During the development of
WCB, WCB transports materials from the MABL to the upper troposphere and is also
important for the horizontal movement of materials as well as vertical direction (Wernli and
Davies 1997; Stohl 2001; Sinclair et al. 2008; Joos and Forbes 2016; Oertel et al. 2019). In

the Northern Hemisphere, WCBs mainly originate in the western North Atlantic and the
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western North Pacific, where the western boundary currents, i.e., the Gulf Stream and the
Kuroshio, respectively flow (Eckhardt et al. 2004; Madonna et al. 2014). In particular,
moisture that causes latent heating, which is important for the development of WCBs, is
supplied to WCBs and mainly occurs around the western boundary currents in the Northern
hemisphere (Boutle et al. 2010; Pfahl et al. 2014; Schéafler and Harnisch 2015).

The previous studies showed that the Lagrangian method is quite useful for detecting,
analyzing, and understanding airstreams (Wernli and Davies 1997; Madonna et al. 2014; Hirata
et al. 2015; Sheldon et al. 2017; Yamamoto et al. 2021), but only a few previous studies
investigated the influence of western boundary currents using the Lagrangian method. Sheldon
et al. (2017) conducted five-day regional atmospheric model experiments with observed and
smoothed SSTs and found that the Gulf Stream SST front enhanced the ascent of WCBs. Hirata
et al. (2015) used a regional atmosphere-ocean coupled model for three-day integration and
reported that the Kuroshio strongly contributed to supplying moisture to the WCBs based on a
three-day numerical experiment. Recently, Yamamoto et al. (2021) tracked air parcel
trajectories for 31 years of wintertime by using a reanalysis dataset for the role of latent heating
in atmospheric blocking. Although these studies demonstrated that the Lagrangian method is
quite effective in understanding the roles of the western boundary currents on air streams, the
small number of studies leaves room for further development. In particular, it should be useful
to evaluate the roles of western boundary currents on air streams in ETCs by using 10-year or
longer numerical experiments to know the long-term averaged influence on a Lagrangian
framework rather than Eulerian framework employed by previous studies of long-term
numerical experiments (Small et al. 2014; Piazza et al. 2016)

Therefore, this study aims to quantify the effects of the western boundary currents on
ascending airstreams, including WCBs, in ETCs over a long time and to clarify the

mechanism of how the western boundary currents affect airstreams in ETCs. To this end, this
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study analyzes 20-year atmospheric general circulation model (AGCM) experiments because
more than hundreds of ETCs, a phenomenon of synoptic scale, can be analyzed.

The rest of the present paper is organized as follows. In section 2, the model
configuration, experiment design, and analysis method are described. Section 3 presents the
spatio-temporal structure and development mechanism of ETC’s ascending air-parcel
trajectories (EAA trajectories) in two AGCM experiments. A discussion and conclusions are

presented in section 4.



2. Data and Method

2a Data

In this study, outputs of the AGCM for the Earth Simulator (AFES) version 3
(Ohfuchi et al. 2004; Enomoto et al. 2008; Kuwano-Yoshida et al. 2010) developed by the
Japan Agency for Marine-Earth Science and Technology (JAMSTEC) presented by O’Reilly
et al. (2016) are analyzed. This model has an approximately 50 km (T239) horizontal
resolution and 48 vertical sigma levels. AFES employs the Emanuel convection scheme
(Emanuel and Zivkovic-Rothman 1999). The initial conditions for AFES are taken from the
Japanese 25-year Reanalysis Project (JRA-25; Onogi et al. 2007).

To investigate the effect of western boundary currents, the two experiments of the
AFES are used. The first experiment referred to as the control experiment (CNTL), uses the
0.25° daily SST data provided by the National Oceanic and Atmospheric Administration
(NOAA; Reynolds et al. 2007) for the bottom boundary condition. The second experiment
uses the smoothed SST data around the Gulf Stream (85°-30°W, 25°-50°N) and is referred
to as SMTHG. This SST data is smoothed by a 1-2-1 running mean filter in both the zonal
and meridional directions 200 times. The two experiments of AFES are integrated for 20
years from 1 December 1981 to 3 March 2001. Figure 1 represents the averaged SST for 20-
yr December-February (DJF) for CNTL, SMTHG, and CNTL-SMTHG. The difference in
the SST between the two experiments is clear on the offshore of the central United States
East coast (Fig. 1c). Previous papers studied the midlatitude air-sea interaction with observed
and smoothed SSTs for multiple-year winter integration periods using AFES (O'Reilly et al.

2017; Kuwano-Yoshida and Minobe 2017; Tsopouridis et al. 2020) or other models (Small et


https://paperpile.com/c/iJzQ7f/1gvL+oVIe
https://paperpile.com/c/iJzQ7f/1gvL+oVIe
https://paperpile.com/c/8G7o6J/ec1P
https://paperpile.com/c/8G7o6J/ec1P
https://paperpile.com/c/8FIMB3/Jzhz
https://paperpile.com/c/8G7o6J/rjaG+Gqtl+5tRM
https://paperpile.com/c/8G7o6J/rjaG+Gqtl+5tRM

al. 2014; Omrani et al. 2019; Vries et al. 2019), but none of them performed air-parcel
tracking.

The variables of AFES are classified into two groups: 1. the variables averaged during
10 minutes before and after the output, 2. the variables averaged during 6 hours before and
after the output time. The variables of the first group and second group output every 6 hours
from 05:55 and 03:00 UTC 01 September 1981. The 3-dimensional winds, temperature,
specific humidity, sea level pressure (SLP), and SST are the first groups. The variables of the
second group are latent heating, radiative heating, vertical diffusion, and sensible and latent
heat flux.

In addition to AFES outputs, the data of Fifth Generation ECMWF Reanalysis
(ERAS5; Hersbach et al. 2020) is employed in this study. The results of AFES are compared
with those of ERAS. The resolution of ERAS is approximately 31 km (TL 639) and there are
137 layers from the surface to 1 hPa. In this study, the data from 1 December 1981 to 3

March 2001 is used.

2b Air-Parcel Tracking

To obtain EAA trajectories, a large number of air parcel trajectories are tracked by
using the Lagrangian Analysis Tool - version 2 (LAGRANTO; Sprenger and Wernli 2015).
Tracking is a time-consuming calculation, and the amount of the calculation is determined by
the number of air-parcel tracks and tracking time length. The number of tracks is given by the
spatial coverage, spatial density, and temporal frequency of air-parcel starting points. The
starting points are set at every 80 km and every 20 hPa within the layer from 1050 to 910 hPa
and at every 6 hours from 05:55 UTC 01 December in a year to 23:55 UTC 28 or 29
February in the next year for 20 winters, and the tracking time length is 72 hours. These
arrangements are essentially the same as those used by Madonna et al. (2014), but this study

is interested in the interaction between air-parcels and ocean currents, so the height at which
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the starting points are arranged is lower than the previous study. Also, this study is interested
in winter air-sea interaction, the starting time of air parcels is limited in the winter season. To
know the appropriate spatial coverage of starting points for the present study, the entire
Northern Hemisphere is used as an area of starting points for one winter firstly (December
1981-February 1982) using ERAS data. Examining the one-winter air-parcel tracks, this
study determined that an area from 100°W to 30°W and 15°N to 50°N for starting points is
reasonable to retain the air-parcel tracks that come to the vicinity of the Gulf Stream. Based
on the analyses for one winter, in AFES and ERAS5, the air-parcels are tracked for 20 winter
seasons. LAGRANTO provides air parcel position and the potential temperature (6), specific
humidity (q), and heating components as those positions.

To identify the EAA trajectories two procedures are applied for the largest ascent of
48 hours within 72-hour tracking. First, since this study is interested in ascending air-parcels
associated with air-sea interaction, the trajectories that cross the 900 hPa surface upward
during the 48 hours of the largest ascent are selected. The second procedure is to hold only
trajectories that enter the area of ETCs at least once for the 48 hours of ascent. The area of
ETCs is identified by a circular area with a radius of the length of 5°longitudes from the
center of the cyclone, which is defined by local SLP minima. A radial cap of 5° radius is a
criterion used by several studies about cyclones (Larson et al. 2005; Kunkel et al. 2010;
Hawcroft et al. 2012; Scoccimarro et al. 2014; Vanniére et al. 2020). Figure 2 shows the
process for identifying the cyclone area. The local SLP minima are deemed to exist at any
point at which the SLP is lower than all eight neighboring grid points (Wernli and Schwierz
2006, Fig. 2a). If several cyclone areas overlap, only the cyclone area that has the lowest SLP
minimum is kept (Fig. 2b). The local SLP minimum must be smaller than 1000 hPa are

determined as cyclone area (Fig. 2c). The local SLP minima identified on the south of 25°N
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are removed to exclude tropical cyclones. The cyclone areas remaining by these procedures
are used to identify EAA trajectories.

Figure 3 shows an example of all trajectories and EAA trajectories starting at 17:55
UTC 08 December 1982. In this case, almost all EAA trajectories started over the ocean (Fig.
3d). After 24 hours from the tracking start, the positions of all trajectories are not related to
the cyclone yet, but the EAA trajectories are located around the cyclone center (Figs. 3b and
3e). In Fig. 3c, the air parcels left the MABL to form a comma shape, while air parcels
located in the MABL represent the pattern of an ascending phase of WCBs (Browning 1986;
Schultz and Vaughan 2011). The EAA trajectories also form a comma shape, but there is no
shape of an ascending phase of WCBSs because the trajectories have already left the MABL
(Fig. 3f). Also, EAA trajectories have split into an anticyclonically turning branch that goes
east and a cyclonically turning branch that goes to the cyclone center. The pattern of the two
branches is very similar to the movement of WCBSs suggested by previous studies (Schultz
and Vaughan 2011; Martinez-Alvarado et al. 2014). In particular, Schultz and Vaughan
(2011) shows that the two branches of WCBs stand out after occlusion.

To know whether AFES reproduces EAA trajectories reasonably, the EAA trajectories
of AFES are compared with those of ERAS. The EAA trajectories at 900 hPa are concentrated
around the Gulf Stream SST front (Figs. 4a and 4b). Although the number of EAA trajectories
in CNTL is 5.1 % larger than that of ERA5 because of the 4.3 % higher cyclone density in
CNTL than in ERAS5, the characteristic of the spatial distribution that the EAA trajectories
leave the MABL along the Gulf Stream current axis is similar. Therefore, this study considers
that the AFES reasonably represent EAA trajectories including the effect of the Gulf Stream
on them.

Because this study is interested in the effect of the Gulf Stream on the EAA trajectories,

trajectories that could be influenced by the Gulf Stream region are selected additionally. In this
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study, the Gulf Stream region is defined as an area where the upward wind at 850 hPa of CNTL
is stronger than SMTHG by the effect of the Gulf Stream (Green box in Fig. 5). The EAA
trajectories located in the Gulf Stream region at 900 hPa are selected as the EAA trajectories
influenced by the Gulf Stream region. These trajectories are called frontal EAA (FEAA)

trajectories.
2C. Diagnostics of Ascending Motion

An ascent of FEAA trajectories is diagnosed by dividing it into an adiabatic ascent
and a diabatic ascent during 48 hours of the largest ascent starting below 900 hPa. During the
48 hours ascent of a trajectory, the difference between the minimum and maximum altitudes
is the total ascent. The adiabatic ascent is given by the difference in altitude at the horizontal
location of the maximum altitude between the maximum altitude and the altitude of the same
potential temperature surface as that at the lowest altitude position. The diabatic ascent is
defined as the difference between the total ascent and the adiabatic ascent.

The diabatic ascent is related to the diabatic heating in FEAA trajectories. In this
study, the definition of diabatic heating is the sum of cumulus heating, large-scale heating,
longwave heating, shortwave heating, and vertical diffusion. These components for each
trajectory are also obtained by using LAGRANTO. Diabatic heating should be able to explain
the change of simulated potential temperature, 6, in FEAA trajectories. Figure 6 represents
the time evolution of & on the average of all 20-yr FEAA trajectories with 0 hours as the start

time of trajectories. The @ by diabatic heating is calculated by the following equation:

6o() = 0(to) + [}, £2dr, ()

C
where 6(to) is the potential temperature at the starting point and ég is the estimated potential

temperature due to diabatic heating added to 0(to). Q is the diabatic heating and Cy is the

specific heat capacity of air at constant pressure. The simulated and estimated potential
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temperatures are not completely the same, but the difference is within 0.2 % at all times.

Therefore, there is no significant problem with the analysis of diabatic heating in this study.
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3. Results

3a Spatio-temporal structures

Figures 4b — 4d show the spatial distribution of EAA trajectories at 900 hPa for 20
winter seasons in CNTL, SMTHG, and the difference between the two experiments. The
density of EAA trajectories is high above the Gulf Stream current axis, which corresponds to
the southern end of the Gulf Stream SST front (Fig. 4e). Over this high-density region, time-
averaged upward winds occur, accompanied by the Gulf Stream rainband (Minobe et al.
2010). The difference in the density of EAA trajectories between CNTL and SMTHG is also
concentrated over the Gulf Stream current axis (Fig. 4d). Although the number of FEAA
trajectories of CNTL is only 4.0 % larger than in SMTHG, this difference is still statistically
significant (p < 0.03) according to the Wilcoxon rank-sum test using the weekly counted
number of FEAA trajectories.

The different distribution of FEAA trajectories between CNTL and SMTHG can be
related to the different cyclone distributions between the two experiments. Figure 7 shows the
difference in the cyclone frequency calculated by dividing the difference in the number of
cyclones between CNTL and SMTHG by the number of cyclones in SMTHG. The cyclone
frequency of CNTL is higher on the Gulf Stream than SMTHG, especially around 60°W and
40°N by more than 20 %. The difference in the cyclone frequency between the two experiments
further south than 35°N is not reliable because the number of cyclones is too small in both
CNTL and SMTHG. Kuwano-Yoshida et al. (2010) suggested that there is no conclusive
evidence that the Gulf Stream affects the eddy activity over the North Atlantic through 5 years
AGCM experiments. However, there is a statistical difference in the cyclone frequency

between CNTL and SMTHG for 20 winter seasons over the North Atlantic in this study (Yellow
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contours of Fig. 7). This result agrees with a previous study suggesting that 20 years is
sufficient to identify significant responses in the North Atlantic region (Rodwell et al. 2004).
The difference in the cyclone frequency between the two experiments is similar to the
difference in the density distribution of EAA trajectories between the two experiments in Fig.
4d. These results suggest that the difference in the cyclone frequency by the Gulf Stream may
have affected the density distribution of EAA trajectories.

The vertical and horizontal movement of EAA trajectories is examined because the
occurrence of FEAA trajectories is related to the movement of air parcels. The reached height
of FEAA trajectories is defined as the highest height within 48 hours after trajectories cross
900 hPa for the first time. The trajectories having less than 48 hours recorded after the 900
hPa crossing, i.e., the crossing occurs more than 24 hours after the tracking began with the
72-hour tracking period, were excluded from this analysis.

Figure 8 represents the number of trajectories as a function of the reached height for
FEAA trajectories and non-frontal EAA trajectories, which are EAA trajectories that are not
located in the Gulf Stream region at 900 hPa. The number of FEAA trajectories increases
with the reached height of trajectories until 300 hPa in both CNTL and SMTHG (Fig. 8a).
The difference in the number of FEAA trajectories is the largest from 250—300 hPa and the
number of FEAA trajectories reached above 300 hPa is 31 % larger in CNTL than in
SMTHG. The FEAA trajectories that reach the upper troposphere (400 hPa) are also larger
15 % in CNTL than in SMTHG.

The reached height of non-frontal EAA trajectories shows a different distribution
compared to FEAA trajectories (Fig. 8b). There is no difference in the number of non-frontal
EAA trajectories above 300 hPa between CNTL and SMTHG, while there is an outstanding
difference in FEAA trajectories. Also, the reached height of non-frontal EAA trajectories is

relatively lower than that of FEAA trajectories in both CNTL and SMTHG. This result means
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that Gulf Stream intensifies the upward motion of ascending airstreams started under the
MABL.

Previous studies showed that the strong ascending airstream in ETCs can reach even
the stratosphere (Stohl 2001; Eckhardt et al. 2004; Madonna et al. 2014). To investigate the
effect of the Gulf Stream on the ascent of FEAA trajectories to the stratosphere, the FEAA
trajectories that reached the stratosphere are selected. The FEAA trajectories having 2 PVU
(1 PVU =10° Km? kg s1) at above 600 hPa for 48 hours of ascent are identified as the
FEAA trajectories that reached the stratosphere. The number of FEAA trajectories that
reached the stratosphere is 22 % larger in CNTL than in SMTHG (Table 1). This result shows
the Gulf Stream contributes to reaching the stratosphere of the airstream started under the
MABL of the North Atlantic.

In addition to the vertical movement of FEAA trajectories, the horizontal movement
is also investigated. The horizontal movement of EAA trajectories is investigated by using
the maximum horizontal distance defined as the maximal distance from a point where the
trajectory crosses 900 hPa for the first time within 48 hours from the crossing. Figure 9
represents the number of trajectories as a function of the maximum horizontal distance for
FEAA trajectories and non-frontal EAA trajectories. A remarkable feature is that the number
of FEAA trajectories that traveled more than 3000 km is 24 % larger in CNTL than in
SMTHG (Fig. 9a). Furthermore, the FEAA trajectories of CNTL show a bimodal distribution,
which is less prominent SMTHG. In non-frontal EAA trajectories, there is no significant
difference in the distribution between the two experiments (Fig. 9b).

The FEAA trajectories of CNTL reach higher levels and move a greater distance than
that of SMTHG. Because the horizontal wind becomes stronger at higher altitudes, the
relation between reached height and the movement distance of FEAA trajectories is

investigated. The movement distance and the reached height of the FEAA trajectories have a
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Pearson correlation coefficient of about 0.5 in both CNTL and SMTHG. These results
suggest that the presence of the Gulf Stream SST front intensifies the upward motion of
FEAA trajectories and increases the movement distance of FEAA trajectories by raising the

air parcels to a higher altitude where the wind is stronger.

3b Mechanisms of Ascending Motion

Previous studies demonstrated that diabatic heating is an important factor in the
ascent of airstreams in ETCs (Madonna et al. 2014; Martinez-Alvarado et al. 2014; Joos and
Forbes 2016). Table 2 represents the average adiabatic and diabatic ascent of FEAA
trajectories in the two experiments of this study. The 68 % of the difference in the ascent of
FEEA trajectories between CNTL and SMTHG, 12.3 hPa, is due to the diabatic heating. This
result suggests that the diabatic process plays an important role in the difference in the ascent
of the FEAA trajectories between CNTL and SMTHG. To understand the effect of the Gulf
Stream on the diabatic heating of FEAA trajectories, each component consisting of diabatic
heating is investigated.

Figure 10 shows an increasing rate in potential temperature (6), the time evolution of
each diabatic heating component, and an increasing rate in specific humidity (q) in the
average of all FEAA trajectories. The temporal change of 8 in FEAA trajectories of CNTL
reaches its maximum at t = 0 h (Fig. 10a). In this change, latent heating plays a dominant role
among three diabatic heating components, i.e., latent heating (sum of cumulus and large-scale
heating), radiative heating (sum of longwave and shortwave heating), and heating by vertical
diffusion. A decrease in g also demonstrates that the latent heating is active during the ascent
phase of FEAA trajectories (Fig. 10b). This time evolution of diabatic heating for FEAA
trajectories of CNTL is similar to that of SMTHG, but the diabatic heating is smaller in

SMTHG than CNTL at all times from —24 hours to 14.5 hours (Fig. 10c). The diabatic
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heating of FEAA trajectories in CNTL is stronger 18 % than that of SMTHG from —24 to
14.5 hours. After t = 0 h, the latent heating dominates in the difference in the diabatic heating
between CNTL and SMTHG, but the vertical diffusion is important in the difference in the
diabatic heating before t = 0 h. Consistent with the strong latent heating after t = 0 h, a larger
amount of water vapor is consumed in the FEAA trajectories of CNTL than in SMTHG (Fig.
10d). These results mean that the FEAA trajectories are heated by sensible heat before t =0
h, and after t = 0 h, it is heated by the heat released by condensation of water vapor obtained
from below the MABL.

The latent heating and vertical diffusion are important in the difference in the
development of diabatic heating in FEAA trajectories. Therefore, we examined the time
evolution of the sensible and latent heat flux that affects vertical diffusion and the supplying
water vapor to FEAA trajectories. Figure 11 represents the time evolution of sensible and
latent heat fluxes, at the horizontal position of trajectories, and the time derivative of g in
FEAA trajectories. The sensible heat flux of FEAA trajectories is always stronger in CNTL
than in SMTHG from —24 hours. The difference in the sensible heat flux of FEAA
trajectories between the two experiments peaks at —6 hours and starts to decrease. This time
evolution of difference in the sensible heat flux is similar to that of vertical diffusion shown
in Fig 10c. This result suggests that the sensible heat flux is likely to influence directly the
heating by vertical diffusion.

The latent heat flux of CNTL is also always higher than SMTHG from t = —24 hours
to 0 hours. The difference in the latent heat flux is maximum at t = —4 hours and starts to
decrease. As the latent heat flux of CNTL in FEAA trajectories becomes stronger than
SMTHG, the difference in the dg/dt in FEAA trajectories between CNTL and SMTHG also
increases. This means that the stronger evaporation in CNTL than in SMTHG is closely

related to the larger supply of water vapor in FEAA trajectories of CNTL.
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To investigate how evaporation and sensible heat flux affect the time derivative of
specific humidity and vertical diffusion, the contribution of heat fluxes to each component is
calculated. For this calculation, a space consisting of unit area (I m?) and height from the
surface to the MABL (100 hPa) is assumed. The contribution of evaporation to the time
derivative of specific humidity is calculated under the assumption that the evaporation affects
the entire unit volume uniformly. The evaporation from the ocean is estimated from latent heat

flux. The increase of specific humidity by evaporation between two experiments (Aq;yr) 1S

W L XAt
28.94%p

calculated by the following equation: Aq;yr =

where Wy nr is the difference in the average latent heat flux at the horizontal position of FEAA
trajectories for 23.5 hours between CNTL and SMTHG, p is the density of air. and At is period
represented as second. The 28.94 is the conversion factor from mm/day to W/m? (Li et al. 1998).
The stronger evaporation in CNTL than in SMTHG increases by 0.90 g/kg of ¢ for 23.5 hours
in unit volume, while the specific humidity of FEAA trajectories in CNTL only increased 0.23
g/kg than that of SMTHG for 23.5 hours. The increase in specific humidity due to stronger
evaporation in CNTL than in SMTHG, which is about 4 times greater than the difference in
specific humidity of FEAA trajectories between the two experiments, is sufficient to explain
the difference in specific humidity of FEAA trajectories between the two experiments, even
considering the loss of water vapor due to condensation. The latent heating by condensation
results in an increase in temperatures and the increased temperature can intensify vertical
diffusion. Therefore, if the reason for less increase of specific humidity in FEAA trajectories
than an increase of specific humidity by evaporation is the condensation of water vapor, the
latent heat also can intensify the vertical diffusion as a result.

If the sensible heat flux affects the unit volume uniformly and is transformed to the

vertical diffusion, the vertical diffusion by sensible heat flux (Dsur) is obtained by the following

WsypXAt

equation: Dgyp = Coxp
p
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Where Wsur is the difference in the average sensible heat flux at the horizontal position of
FEAA trajectories for -24 h to -0.5 h between CNTL and SMTHG, and At is period
represented as second. C, is the specific heat capacity of air at constant pressure and p is the
density of air. For 23.5 hours, the integrated heating by stronger sensible heat flux in CNTL
than in SMTHG is 0.78K, which is 54 % of the difference in the integrated heating of the FEAA
trajectories by vertical diffusion between CNTL and SMTHG. The other 46 % is probably
closely related to heating by condensation of water vapor in MABL.

The results shown above indicate that moisture uptake of air parcels in the MABL.
The difference in q of FEAA trajectories between CNTL and SMTHG is almost 0 at t = —24
h and maximum at  =—0.5 h (Fig. 12). To investigate what happened during this time, the
spatial distribution and average water vapor of FEAA trajectories at £ = —12 h, the middle
time when ¢ increase, are investigated. At t = —12 h, FEAA trajectories of CNTL are already
located around the Gulf Stream current axis (Fig. 13a). The number of FEAA trajectories of
CNTL is mainly higher in the southwestern of 55°W and 43°N than in SMTHG, while that of
SMTHG is higher southeastern of 55°W and 43°N than in CNTL (Fig. 13b). The distribution
of the average humidity of the FEAA trajectories present at each grid point in CNTL is
closely related to SSTs because they are located under the MABL at t =—12 h (Fig. 13c).
Unlike the difference in the density distribution of FEAA trajectories, areas with larger water
vapor of FEAA trajectories in CNTL than that of SMTHG are distributed east of 55°W (Fig.
13d).

To clarify which of the difference in the density distribution or distribution of average
water vapor is more important to the difference in water vapor of FEAA trajectories between
CNTL and SMTHG, the contribution of the 4 areas to the difference in the g of FEAA
trajectories between CNTL and SMTHG at t = —12 h is calculated. To this calculation, the

Gulf Stream region is divided into 4 areas centered on the 55°W and 43°N lines of Figs. 13b
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and 13d. The contribution in each quadrant is calculated by the following equation:

Zx Xyratio(x,y)xq(x,y) of CNTL— ¥ ¥y ratio(x,y)xq(x,y) of SMTHG
the dif ference in the averaged q between CNTL and SMTHG att=—-12h

where ratio(x,y) is the ratio of

the number of FEAA trajectories at each grid point to all FEAA trajectories and q(x,y) is the
averaged q of FEAA trajectories at each grid point of t = —12 h. The contribution of
quadrants 1 to 4 to the difference in the average q of all FEAA trajectories att=—12 h
between CNTL and SMTHG is about 0.8 %, 0.1 %, 116 %, and —16 %, respectively. The
effect of quadrants 1 and 2 is very small because the density of FEAA trajectories is low in
these two regions. The larger water vapor of FEAA trajectories in CNTL than that of
SMTHG is entirely due to the 3rd quadrant where the density of FEAA trajectories in CNTL
is higher than in SMTHG. In the 4th quadrant, the average water vapor of FEAA trajectories
is higher in CNTL than in SMTHG, which is consistent with the difference of the average
water vapor over 20-yr DJF in the North Atlantic between the two experiments (not shown).
However, the higher density of FEAA trajectories in SMTHG than in CNTL over the 4th
quadrant results in the reduction of the difference in the average water vapor of FEAA
trajectories between CNTL and SMTHG. These results reveal that the difference in the
spatial distribution of FEAA trajectories, not the difference in the distribution of water vapor
in the North Atlantic by the Gulf Stream, is important for the difference in the water vapor of

FEAA trajectories between CNTL and SMTHG.
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4. Discussion and conclusions

4a Discussion

In this section, we discuss the EAA trajectories over the North Pacific. Because there
is also a western boundary current which is the Kuroshio, it is helpful in analyzing the
response of EAA trajectories to the western boundary currents. To investigate the response of
EAA trajectories to the Kuroshio, the following two experiments of AFES (Kuwano-Yoshida
and Minobe 2017) are used: one with the observed daily SSTs (CNTL) and the other with
smoothed SSTs over 120°E—180°, 25°-55°N (SMTHK). Figure 14 presents the averaged SST
for 20-yr DJF for CNTL, SMTHK, and CNTL-SMTHK. The SSTs of CNTL are higher than
SMTHK widely from the East China Sea to the eastern side of Japan (Fig. 14c). The tracking
and selecting process of EAA trajectories over the North Pacific is the same as the case of the
North Atlantic introduced in section 2. However, the starting points of air parcels are
arranged over 120°E-135°W, 15°-50°N.

Figure 15 represents the spatial distribution of EAA trajectories when they are
located at 900 hPa for the 20-yr winters. The EAA trajectories of the North Pacific are
distributed more widely than that of the North Atlantic (Figs. 15a and 15b). The characteristic
of EAA trajectories distributed eastward in a smoothed SST experiment than in the CNTL
experiment is the same with the case of the North Atlantic. Also, similar to the North
Atlantic, a larger number of EAA trajectories are located on the SST front of the western
boundary current in CNTL than in SMTHK (Fig. 15¢). However, as opposed to the North
Atlantic, there is no statistically significant difference in the number of EAA trajectories over

the Kuroshio between CNTL and SMTHK.
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No statistical difference in the number of EAA trajectories over the Kuroshio means
that the effects of the Kuroshio on the EAA trajectories are weaker than that of the Gulf
Stream. Many previous studies suggest that the SST gradient by the western boundary
currents is important in the intensification of midlatitude atmosphere phenomena and ETCs
(Nakamura et al. 2008; Sampe et al. 2010; Ma et al. 2016; Zhang et al. 2020). However,
Tsopouridis et al. (2020) argued that the increase of LHF, SHF, and cyclone density by the
Gulf Stream is greater than the increase by the Kuroshio. From these previous studies, the
reason for the less effect of the western boundary current on the EAA trajectories in the North
Pacific than in the North Atlantic is speculated as the weaker SST gradient by the Kuroshio
than that of the Gulf Stream reported by previous studies (Nakamura et al. 2004; Tsopouridis
et al. 2020). In order to get a meaningful difference in the North Pacific, a longer integration

period than 20 years or an experiment with different settings will be needed.
4b Conclusions

To understand the response of EAA trajectories to the Gulf Stream, the air parcels on
the North Atlantic from the DJF of 1981 to 2001 are tracked for 72 hours using the output of
two experiments of AFES: one with observed SST data (CNTL) and the other with smoothed
SST over the Gulf Stream SST front. The trajectories reaching above 900 hPa in the 48 hours
of the largest ascent, and entering the area of an ETC are identified as EAA trajectories.

The EAA trajectories are mainly distributed near the Gulf Stream when EAA
trajectories are located at 900 hPa in CNTL (Fig. 4b and 4c). This result agrees with the
spatial distribution of the starting point of the rapidly ascending airstream of ETCs in
previous studies (Eckhardt et al. 2004; Madonna et al. 2014). The difference in the number of
EAA trajectories between CNTL and SMTHG is concentrated in the Gulf Stream current axis
and the number of EAA trajectories is slightly larger in CNTL than in SMTHG over the Gulf

Stream current axis (Fig. 4c). To investigate how the Gulf Stream affects the movement of air
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parcels in ETCs, the horizontal and vertical movement of the frontal EAA trajectories is
investigated. The number of frontal EAA trajectories reaching above 300 (400) hPa is 31

(15) % larger in CNTL than in SMTHG, and the number of the frontal EAA trajectories
reaching the stratosphere is 22 % higher in CNTL than in SMTHG (Fig. 8a and Table 1).
Also, the number of frontal EAA trajectories that have moved more than 3000 km
horizontally is 24 % larger in CNTL than in SMTHG (Fig. 9a). Because the correlation
coefficient between movement distance and the reached height is 0.5 in both experiments, the
reason for the longer movement distance of FEAA trajectories in CNTL is probably the faster
wind speed at higher altitudes.

In the difference in the ascent of FEAA trajectories between the two experiments,
diabatic heating plays an important role. The contribution of diabatic ascent to the difference
in the ascent of FEAA trajectories between CNTL and SMTHG is 68 % (Table 2). Several
previous studies have reported the importance of diabatic heating in the ascent of airstreams
in ETCs (Madonna et al. 2014; Oertel et al. 2019; Saffin et al. 2021). The diabatic heating of
FEAA trajectories in CNTL is 18 % stronger than that of SMTHG. Before crossing 900 hPa,
the heating by vertical diffusion is dominant, but latent heating is important in the difference
in the diabatic heating after crossing 900 hPa (Fig. 10c). The difference in the heating of
FEAA trajectories in CNTL than in SMTHG is related to sensible and latent heat flux. The
stronger sensible and latent heat flux over the Gulf Stream region intensifies heating by
vertical diffusion and moisture supply in FEAA trajectories (Fig. 11). In order to investigate
where the additional moisture of FEAA trajectories in CNTL than in SMTHG is mainly
supplied, we calculated the contribution of 4 areas centered on 55°W and 43°N to the
difference in the g of FEAA trajectories between CNTL and SMTHG (Fig. 13b and 13d). The
3rd quadrant where the Gulf Stream is located and where the FEAA trajectories are most

distributed had the highest contribution. This result suggests that the difference in the spatial
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distribution of FEAA trajectories by the Gulf Stream between the two experiments is
important in the moisture supply.

There are several studies about the interaction between the Gulf Stream and upward
wind above Gulf Stream in winter (Minobe et al. 2008; Minobe et al. 2010; Kuwano-Y oshida
et al. 2010). They showed that there is strong upward wind over the Gulf Stream rainband on
the lower troposphere. Kuwano-Yoshida et al. (2010) suggested that the strong upward wind
below 700 hPa in the Gulf Stream results from the cumulus convection through AGCM
experiments. However, they couldn’t find the effect of the Gulf Stream on the upward wind
in the upper troposphere. Although the present study is limited to airstreams in ETCs,
revealed that the Gulf Stream intensifies the upward motion of the ascending airstreams by
using the air parcel tracking method. Because previous studies focus on the time-mean field
of upward wind, they couldn’t find that the Gulf Stream affects the characteristics of
airstreams in ETCs under the MABL and facilitates the upward motion even to the upper
troposphere. This study shed new light on midlatitude air-sea interaction by suggesting the
mechanism by which the Gulf Stream influences the upward wind of the middle and upper

troposphere.
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Tables

Table 1. The number of the FEAA trajectories having 48 hours
or more recorded after the 900 hPa crossing in units of 1,000.

All Reaching | Reaching |Reaching 2
300 hPa | 400 hPa PVU
CNTL 4,073 643 2,097 353
SMTHG 3,838 489 1,817 290
(CNTL-SMTHG) 0 0 0
ISMTHG 6 % 31 % 15 % 22 %

Table 2. Average of diabatic and adiabatic ascent of all
FEAA trajectories in each experiment in units of hPa.

diabatic | adiabatic | diabatic*
adiabatic
CNTL | 2654 209.6 475.0
SMTHG | 253.1 203.8 456.9
CNTL—
S | 123 5.8 18.1

36




Figures

(a) CNTL ("C) (b) SMTHG (°C)
70°N . 70°N 3 S
24 24
60°N 60°N
2 20
50°N 15 0N i
40°N 12 40°N 12
30°N 8 30°N 8
4 4
20°N - 20°N
b e EWe . ) ‘ )
= 0 - 0
00°W  75°W  60°W 45°W  30°W  15°W T5W  60°W  45°W  30°W  15°W
("C)
70°N 6
60°N 4
2
50°N 2
40°N 0
30N -2
20°N =4
-6

WNT"0W 75 60°W 45W 30°W 15w

Fig. 1. Climatological SSTs in DJF for (a) CNTL (b) SMTHG and (c) their difference (°C). The gray
contours represent 10°C and 20°C in (a) and (b).
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(a) All local SLP minimum point (b) After deleting overlap cyclone
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Fig. 2. Illustration of detection of cyclone areas of CNTL in 03:00 UTC 01 December 1981 for (a) all
local SLP minimum points and cyclone areas, (b) cyclone areas after deleting overlap cyclones from
(a), and (c) cyclone areas after deleting SLP higher than 1000 hPa from (b). The gray and black lines
represent coastal lines and sea level pressure. The green circles indicate areas of cyclones.
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Fig. 4. Density (color shading) of EAA trajectories at 900 hPa given by the number of trajectories in 1x1-
degree box per year for (a) ERAS (b) CNTL, (c) SMTHG, and (d) the difference between CNTL and
SMTHG. The black lines are contours of SSTs in units of °C. In (d) CNTL-SMTHG, the green box
represents the Gulf Stream region. (¢) Mean surface geostrophic current velocity averaged for 32 winter
seasons by using the satellite altimetry data of Copernicus Marine Environment Monitoring Service
(CMEMS; Rio et al. 2014).
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Fig. 5. The difference in the upward wind at 850 hPa in 20 winter seasons between CNTL and SMTHG. The
gray and black line represents costal line and SST. The green box represents the Gulf Stream region.
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Fig. 6. Time evolution of potential temperature (0) of average of FEAA trajectories after the tracking

begins. The red lines represent the potential temperature tracked by the LAGRANTO, whereas the
blue line represent the potential temperature estimated using diabatic heating.
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Fig. 7. The difference in the cyclone frequency in 20 winter seasons for CNTL-SMTHG. The gray and black
line represents costal line and SST. The 95 % confidence level is shown by yellow contours.
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Fig. 8. The number of the EAA trajectories along with reached height for 48 hours after crossing 900
hPa for (a) frontal EAA trajectories and (b) non-frontal EAA trajectories. The x-axis is reached height
of the frontal EAA trajectories for 48 hours and the y-axis is the number of EAA trajectories for 48
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hours. The blue (orange) color shows a value of CNTL (SMTHG).
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Fig. 9. The number of EAA trajectories along with movement distance for 48 hours after crossing 900 hPa
for (a) frontal EAA trajectories and (b) non-frontal EAA trajectories. The x-axis represents movement
distance for 48 hours. The y-axis represents a number of air parcel trajectories. The blue (orange) color
shows a value of CNTL (SMTHQG).
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Fig. 10. Time evolution of (a) diabatic heating and (b) time derivative of specific humidity (q) in average
of all FEAA trajectories. The 0 hours is the time when the trajectory first crosses 900 hPa. The red, cyan,
orange, green, and brown lines represent the time derivative of 6, diabatic heating, latent heating, radiation
heating, and vertical diffusion in units of 10 K/s. The gray areas represent the temporal range where less
than 90 % of the trajectories exist. (c) and (d) is the same as (a) and (b), but for CNTL-SMTHG.
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Fig. 11. Difference in the time evolution of latent (LHF) and sensible (SHF) heat fluxes,
SHF, and the time derivative of specific humidity (dg/dt) of average of all FEAA trajectories
between CNTL and SMTHG. The 0 hours of x-axis is the time when the FEAA trajectories
first cross 900 hPa. The left y-axis is heat flux in units of W/m?. The right y-axis is specific
humidity in units of g/kg.
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Fig. 12. Difference in the average specific humidity of all FEAA trajectories between CNTL
and SMTHG. The 0 hours of x-axis is the time when the FEAA trajectories first cross 900
hPa. The y-axis is specific humidity in units of g/kg.
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The spatial distribution of the FEAA trajectories
before 12 hours crossing 900hPa
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Fig 13. Spatial distribution of the FEAA trajectories before 12 hours crossing 900hPa first time
for (a) CNTL and (b) CNTL-SMTHG. The gray line is coastal line. Black contours indicate SSTs
in units of °C. The shading color represents the density of FEAA trajectories before 12 hours
crossing 900hPa time firstly. The average specific humidity of the FEAA trajectories for (c)
CNTL and (d) CNTL-SMTHG before 12 hours crossing 900hPa time firstly. The color shading
is average specific humidity. The blue horizontal and vertical lines in (b) and (d) divide four
quadrants used an analysis described in the main text.
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Fig. 14. Climatological SSTs in DJF over the North Pacific for (a) CNTL (b) SMTHK and (c) the

difference between CNTL and SMTHK (°C). The gray contours represent 10°C and 20°C.
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Fig. 15. Density (color shading) of EAA trajectories at 900 hPa given by the number of
trajectories in 1x1-degree box per year for (a) CNTL, (b) SMTHK, and (c) the difference
between CNTL and SMTHK. The black lines are contours of SSTs in units of °C.
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