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Abstract

Tropopause-penetrating overshooting convection (OC) can transport tropospheric air into and affect the composition of the

lower stratosphere. During the warm season, OC occurs frequently over the contiguous United States, and the transport of

plumes from these events is modulated by the flow over North America, which throughout June to August is characterized by a

large-scale anticyclone in the upper troposphere and lower stratosphere. This study uses data from the Next Generation Weather

Radar (NEXRAD) and the ERA5 reanalysis to locate OC during May–August of 2008 to 2020. Evidence of convective transport

is found well above the 380 K isentrope, which is the top of the “lowermost stratosphere” and also the top of the stratospheric

middleworld. By initializing massless particles within the volume of OC above the tropopause, we perform trajectory calculations

to simulate the transport of OC plumes. With three-dimensional diabatic trajectory modeling in isentropic coordinates using

winds from ERA5, we quantify the confinement within the anticyclone and the number of trajectories transported into the

tropical and extratropical stratosphere. By evaluating the trajectory residence time in the North American region, we find that

July exhibits the strongest confinement, with about a quarter of trajectories staying in the region for more than 11 days. It is

shown that, together with sufficient injection height, convective injection that occurs south of the jet and/or into anticyclonic

regimes increases the chances of air remaining in the stratosphere. After 30 days, 45% of all air masses injected above the

tropopause remain in the global stratosphere.
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Figure 2.
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Figure 3.
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Figure 6.
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Figure 8.
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Figure 9.
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Abstract13

Tropopause-penetrating overshooting convection (OC) can transport tropospheric air into14

and affect the composition of the lower stratosphere. During the warm season, OC oc-15

curs frequently over the contiguous United States, and the transport of plumes from these16

events is modulated by the flow over North America, which throughout June to August17

is characterized by a large-scale anticyclone in the upper troposphere and lower strato-18

sphere. This study uses data from the Next Generation Weather Radar (NEXRAD) and19

the ERA5 reanalysis to locate OC during May–August of 2008 to 2020. Evidence of con-20

vective transport is found well above the 380 K isentrope, which is the top of the “low-21

ermost stratosphere” and also the top of the stratospheric middleworld. By initializing22

massless particles within the volume of OC above the tropopause, we perform trajectory23

calculations to simulate the transport of OC plumes. With three-dimensional diabatic24

trajectory modeling in isentropic coordinates using winds from ERA5, we quantify the25

confinement within the anticyclone and the number of trajectories transported into the26

tropical and extratropical stratosphere. By evaluating the trajectory residence time in27

the North American region, we find that July exhibits the strongest confinement, with28

about a quarter of trajectories staying in the region for more than 11 days. It is shown29

that, together with sufficient injection height, convective injection that occurs south of30

the jet and/or into anticyclonic regimes increases the chances of air remaining in the strato-31

sphere. After 30 days, 45% of all air masses injected above the tropopause remain in the32

global stratosphere.33

Plain Language Summary34

1 Introduction35

Cross-tropopause overshooting convection can rapidly transport constituents from36

the boundary layer into the lowermost stratosphere (LMS) (Fischer et al., 2003) and in-37

fluence the composition of air in the LMS. There is evidence that deep convection is ca-38

pable of lofting ice into and hydrating the stratosphere (Hanisco et al., 2007; Nielsen et39

al., 2007; Corti et al., 2008; de Reus et al., 2009). Stratospheric water vapor influences40

surface climate (Forster & Shine, 2002; Solomon et al., 2010) and plays a role in strato-41

spheric chemistry (Anderson et al., 2012, 2017). Furthermore, anthropogenic pollutants42

also reach the stratosphere via convective transport (Randel et al., 2010; Vernier et al.,43

2015). Deep convection is a potential pathway for very short-lived substances (VSLS)44
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that could potentially lead to ozone depletion (Hossaini et al., 2015, 2017). As such, im-45

proving our understanding of mixing and transport processes associated with overshoot-46

ing convection is crucial for addressing uncertainties in climate and stratospheric chem-47

istry.48

The influence of deep convection on the composition of the upper troposphere and49

lower stratosphere (UTLS) is evident in the North Hemispheric warm season. In the re-50

gions associated with the Asian Monsoon (AM) and North American Monsoon (NAM),51

air transported into the UTLS tends to be trapped by the anticyclones forced by pre-52

cipitation from the AM (Li et al., 2005; Park et al., 2007, 2008; Ungermann et al., 2016;53

Siu & Bowman, 2019; Legras & Bucci, 2020) and the NAM (Li, 2005; Clapp et al., 2019,54

2021; Chang et al., 2021). Using hourly observations from the National Oceanic and At-55

mospheric Administration Next Generation Weather Radar (NEXRAD), Cooney et al.56

(2018) showed that in each year there are about 45,000 overshooting events over the con-57

tiguous United States (CONUS) that exhibit echo-top heights of 1 kilometer or more above58

the tropopause. Furthermore, approximately 45% of those events reach above the 38059

K isentropic level into the overworld stratosphere. Given that deep overshooting events60

occur frequently over the CONUS, air in the North American Monsoon Anticyclone (NAMA)61

is expected to be significantly influenced by convection. For instance, deep convection62

over the U.S. has been shown to moisten the UTLS over North America (Poulida et al.,63

1996; Dessler & Sherwood, 2004; Hanisco et al., 2007; Anderson et al., 2012; Schwartz64

et al., 2013; Herman et al., 2017; Smith et al., 2017; Jensen et al., 2020; Werner et al.,65

2020; Yu et al., 2020; Tinney & Homeyer, 2021). Aside from vertical transport of mois-66

ture by convection, isentropic mixing also is important for the transport of moisture be-67

tween the tropical upper troposphere and extratropical lower stratosphere (Dethof et al.,68

2000). Though many studies suggest that deep overshooting events can hydrate the strato-69

sphere, it is not well understood how air from overshooting convection over the CONUS70

is transported by the large-scale flow.71

Compared to the transport due to the circulation associated with the AM, the UTLS72

transport in the NAM region is less studied. Yan et al. (2019) showed that, despite the73

AM having a larger contribution to the mass transport into the stratosphere, both re-74

gions have similar efficiencies in mixing air mass into the tropical pipe. Clapp et al. (2019)75

studied the effects of NAMA on convectively influenced air mass (CIAM) and identified76

source regions of CIAM identified using the Geostationary Operational Environmental77
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Satellite (GOES) imagery. They found that the NAMA has the strongest influence on78

CIAMs in August. In a related study, Clapp et al. (2021) showed that the NAMA in-79

fluences the meridional transport of CIAMs, particularly in July and August, during when80

CIAMs are on average transported 22◦ northward. However, as both of these studies were81

based on data from a single year (2013), interannual variability may affect their findings.82

In this study, we utilize NEXRAD observations and the ERA5 reanalysis from 200883

to 2020 to investigate how CIAMs originating from convection over the CONUS are trans-84

ported during the warm season (May–August). We focus on evaluating the degree of con-85

finement due to the UTLS anticyclonic flow, and also on the number of CIAMs that are86

irreversibly transported into the stratosphere. NEXRAD data and the lapse-rate tropopause87

derived from ERA5 are used to detect overshooting convection, and diabatic trajectory88

calculations (using diabatic heating rate as vertical motion) are deployed to assess how89

CIAMs are transported after they have been injected into the stratosphere.90

2 Data and Methods91

2.1 GridRad92

GridRad (Bowman & Homeyer, 2017) is a gridded radar data set based on radar93

reflectivity from NEXRAD WSR-88D radar observations. The GridRad algorithm merges94

NEXRAD data from 143 sites throughout the CONUS into a three-dimensional, regu-95

larly gridded (approximately 0.02◦ × 0.02◦ × 1 km) data set with 1-hour temporal res-96

olution. We use GridRad version 4.2 data to identify hydrometeors above the tropopause97

during May through August of 2008 to 2020.98

2.2 ERA5 reanalysis99

ERA5 (Hersbach et al., 2020) is the fifth-generation reanalysis from ECMWF and100

is based on the Integrated Forecast System (IFS) Cy41r2. The native resolution of the101

IFS is TL639 (31 km) and 137 hybrid sigma-pressure levels. In this study, ERA5 is used102

for tropopause altitude and trajectory calculations. The resolution of the ERA5 data used103

in this study is 0.75◦× 0.75◦. Temperature from the hourly pressure-level data with 37104

unevenly-spaced vertical levels are used to calculate the WMO definition of the lapse-105

rate tropopause (WMO, 1957), defined as the lowest altitude at which the lapse rate de-106
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creases to 2 K km−1 or less and the average lapse rate between this altitude and all higher107

altitudes within 2 km does not exceed 2 2 K km−1
108

For trajectory calculations, zonal and meridional winds are obtained from the isentropic-109

coordinate ERA5 data. Diabatic heating rates are provided by the “mean temperature110

tendency due to parameterizations” variable in the ERA5 model-level data. This vari-111

able is the sum of the parameterized temperature tendencies due to shortwave/longwave112

radiation, latent heating, sensible heating, and diffusion. We calculate the vertical ve-113

locity in isentropic coordinates, dθ/dt, using114

cp
dθ

dt
= Q

θ

T
(1)

where cp is the specific heat at constant pressure, θ is potential temperature, Q is the115

temperature tendency, and T is temperature. Horizontal winds are taken from 1-hourly116

isentropic-level data, while heating rates are from 3-hourly model-level data.117

2.3 Lagrangian forward trajectories118

The TRAJ3D trajectory model (Bowman, 1993) is used in this study to charac-119

terize the three-dimensional Lagrangian motion of convectively-influenced air parcels.120

TRAJ3D uses a standard fourth-order Runge-Kutta scheme to solve the kinematic equa-121

tions of motion122

dx(t)

dt
= v[x(t)] (2)

where x(t) is the particle position at time t and v[x(t)] is the particle velocity at posi-123

tion x and time t. Trajectories are calculated in isentropic coordinates with a time step124

of 15 minutes. Zonal and meridional winds are taken from the hourly isentropic-level ERA5125

data. The potential temperature (θ) levels used are 320, 330, 350, 370, 395, 430, and 475126

K. Vertical velocities dθ/dt are first calculated on the ERA5 sigma-pressure levels us-127

ing the temperature tendency, and then interpolated to the θ levels. Particles that de-128

scend below 320 K are considered out of bounds and are no longer tracked. The lower129

bound of 320 K is enforced because this θ surface may intersect the earth’s material sur-130

face, especially in the tropics.131

2.4 Overshooting top identification and trajectory spawning132

The vertical extent of hydrometeors is determined using the radar echo top height133

ze, which we define as the maximum height with a valid radar reflectivity of at least 10134
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dBZ. The threshold of 10 dBZ is determined based on tests performed by Cooney et al.135

(2018) who found that this threshold provides the best balance between sensitivity and136

noise for the detection of overshooting tops. To find the echo-top pressure, pe = p(ze),137

geopotential height from the pressure-level ERA5 data is horizontally interpolated to the138

GridRad grid and then pe is obtained by vertical interpolation.139

The WMO tropopause pressure and height, pt and zt, are first calculated on the140

ERA5 grid (0.75◦× 0.75◦) and then horizontally interpolated to the GridRad grid. Wher-141

ever there is a valid value of ze, the overshoot extent is evaluated as ze−zt. Echo tops142

that satisfy ze − zt ≥ 1 km are identified as overshooting tops. Cooney et al. (2018)143

performed a quality control analysis to assess the validity of GridRad-detected overshoots144

by manually inspecting reflectivity profiles and soundings of roughly 13,000 overshoot145

cases. They find that there is a higher chance of detected overshoots to be spurious if146

the echo-top height satisfies either of the following conditions:147

ze > 10 + 0.33(dBZmax − 20), or (3)
148

ze − zt > 1 + 0.154(dBZmax − 15) (4)

where ze and zt are the echo-top and tropopause height in kilometers, and dBZmax is149

the column maximum reflectivity. We exclude any overshoots that satisfy either condi-150

tion from our analysis. Out of 8,360,388 overshooting GridRad pixels in the analysis pe-151

riod that are +1 km above the tropopause, 1,363,287 are excluded by using these cri-152

teria.153

Trajectories are initialized using pe, pt, and the longitude and latitude of the GridRad154

grid boxes, and are run forward for 45 days. At a GridRad grid box centered on longi-155

tude x and latitude y where an valid overshooting top is detected (ze − zt ≥ 1 km is156

satisfied), a trajectory is initiated at the midpoint of every 1 hPa layer between pe and157

pt. As an example, if pe = 144.5 hPa and pt = 140.5 hPa then ⌈pe⌉ = 145 and ⌊pt⌋ =158

140 and trajectories are initiated at pressures 140.5, 141.5, 142.5, 143.5, and 144.5 hPa.159

These pressure values are converted to potential temperature in order to run the trajec-160

tory on isentropic coordinates. Trajectories are initiated evenly in pressure coordinates161

because the resulting number of trajectories will be proportional to the mass that is in-162

fluenced by overshooting convection. The longitude and latitude of the trajectories’ ini-163

tial positions are specified as the center of the grid box x and y, and the initial time is164

taken as the time of the hourly GridRad analysis.165
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3 Results166

3.1 Climatology of winds167

Figures 1 and 2 show monthly climatologies of Montgomery streamfunction and168

dθ/dt at isentropic levels 400, 360, and 350 K for 2008–2020. During May, the flow over169

the U.S. and northern Mexico is characterized by westerlies, with the time-averaged an-170

ticyclone located to the south. In June, the NAMA is present at 400 and 360 K and its171

influence is mainly over Mexico and the U. S. southern border. In July and August the172

NAMA is located somewhat farther north, with a climatological anticyclone present at173

all three altitudes. While the NAMA at 400 and 360 K is characterized by positive di-174

abatic heating, that is not the case at 350 K, where the NAMA exhibits mostly diabatic175

cooling except in the regions associated with the North American monsoonal precipita-176

tion along the west coast of Mexico. During June–August, the southwestern portions of177

anticyclones at 360 and 400 K exhibit positive heating characteristics while the eastern178

edges of the NAMA exhibits weaker heating (or even cooling). This suggests that air mass179

injected into the interior of the anticyclone is likely to be transported upward due to the180

positive diabatic heating.181

Vertical cross-sections of mean zonal wind and diabatic heating within 145◦–55◦W182

for May, June, July and August are shown in Figure 3. Within about 30◦ of the equa-183

tor, the positive diabatic heating associated with the tropical tropopause layer and trop-184

ical stratosphere is present at potential temperatures of roughly 360 K and above. At185

around 10◦N and below 350 K there is strong positive heating associated with convec-186

tion from the inter-tropical convergence zone as well as convection near Panama and Colom-187

bia. Poleward of 30◦N, there is cooling throughout the column, with stronger cooling present188

between 340 and 360 K, indicating subsidence at higher latitudes.189

3.2 Confinement of convectively influenced air mass190

The total number of trajectories spawned in each month is shown in Table 1. The191

total number of trajectories, which is roughly proportional to the mass of convectively192

influenced air (since they are initialized evenly in pressure), is highest in June, followed193

by May, July, and August. This is also consistent with the frequency of overshoots reach-194

ing 1 km or more above the local tropopause shown in Cooney et al. (2018) (cf. their195

Figure 6). The spatial patterns of trajectory counts, shown in the left column of Figure196
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Figure 1. Climatology of 2008–2020 ERA5 dθ/dt (filled contours) and Montgomery stream-

function (black) for May (a, c, e) and June (b, d, f). Panels a–b show values for the 400 K isen-

tropic level level, while c–d and e–f are for 360 K and 350 K, respectively. Filled (black) contours

have intervals of 0.1 K d−1 (0.25 kJ kg−1).
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Figure 2. Same as Figure 1 except for July (a, c, e) and August (b, d, f).

–8–



manuscript submitted to JGR: Atmospheres

Figure 3. Zonal-mean dθ/dt (filled) and zonal wind (black) within 145◦–55◦W for (a) May,

(b) June, (c) July, and (d) August. Filled (black) contours have intervals of 0.25 K day−1 (10

m s−1). Thick red line denotes the zero contours of dθ/dt and yellow lines indicate the mean

tropopause.
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May June July August

Total 48.8 66.1 44.8 35.3

τr >5.5 d 4.7 (9.7%) 18.4 (27.8%) 16.9 (37.6%) 9.3 (26.4%)

Table 1. Total number of trajectories (×106) spawned in each month and the number of

trajectories with τr greater than 5.5 d, which is the 75% percentile of τr for the entire season.

Percentages in parenthesis are fraction in each month that exceed 5.5 d.

May June July August All months

Mean 3.1 5.2 7.8 5.8 5.4

25th percentile 1.7 1.8 1.8 1.5 1.7

50th percentile 2.4 2.9 3.0 2.4 2.7

75th percentile 3.6 5.8 11.0 6.2 5.5

Table 2. Mean τr within the NAMA domain and selected percentiles of the τr distributions.

Units are days.

4, resemble the frequency of overshooting convection shown by Cooney et al. (2018) (cf.197

their Figure 10).198

To assess the degree of confinement the NAMA has on CIAMs, we use the blue box199

in Figure 4 to evaluate the residence time τr in the NAMA region. We define τr as the200

interval between the initial trajectory time and the first time that the trajectory exits201

the domain. Horizontally, the domain is defined as 145◦W–55◦W, 10◦N–55◦N, and ver-202

tically the base is at 320 K. This domain is considerably larger than the size of the cli-203

matological NAMA because the position and size of the NAMA exhibits intraseasonal204

synoptic-scale variability.205

Figure 5 shows the probability density function (PDF) as well as the cumulative206

distribution function (CDF) of τr, while Table 2 shows the mean τr and the 25th, 50th,207

75th percentiles. The differences between the monthly PDFs, which are positively skewed,208

are greatest in the tails of the distributions. The 25th and 50th percentile values are sim-209

ilar among the months, while the 75th percentile for July (11 d) is significantly higher210

than June and August (∼6 d), and May (3.6 d) is significantly lower.211
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Figure 4. Total number of trajectories initiated in each 0.5◦ × 0.5◦ bin for each month (left

column) and the number of trajectories with τr longer than 5.5 d, which is 75th percentile of the

overall distribution (right column; see Table 2). Black contours represent the 2008–2020 monthly

mean 370 K Montgomery streamfunction at intervals of 0.5 kJ kg−1. The blue box delineates the

domain used to calculate τr of trajectories in the NAMA domain.
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Figure 5. (a) Normalized density functions of τr in the NAMA domain for particles spawned

in May (orange), June (blue), July (magenta), and August (green) in 2008–2020. (b) Cumulative

distribution function of τr. Dashed lines indicate the 25th, 50th, 75th percentiles.
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The 75th percentile for all months combined is 5.5 days. Figures 4b, d, f, and h show212

the number of trajectories from each month whose τr is greater than 5.5 days, and Ta-213

ble 1 denotes the number and percentage of trajectories above this τr threshold. Though214

July has the highest percentage of trajectories satisfying this threshold, June has the greater215

number of trajectories; this demonstrates that the confinement effect is stronger in July,216

but there are more CIAMs being confined in the NAMA domain during June. Overall217

there are much more CIAMs with long τr values from June and July than from May or218

August.219

The median τr for trajectories spawned in each 0.5◦ × 0.5◦ bin is presented in Fig-220

ure 6. During July and August regions with larger median τr are generally at lower lat-221

itudes, where they fall inside closed streamfunction contours of the time-mean circula-222

tion. Though June also has a closed contour, its position is south of the U.S., and the223

correlation between the NAMA and the spatial pattern of the median distribution is more224

subtle. Part of the discrepancy between the locations with longer τr and the closed con-225

tour is that during late June the anticyclone is larger and displaced northward relative226

to the monthly-mean anticyclone (not shown). The cluster of long τr near the U.S–Canada227

border in June occured during 2018 when particles originating from 29 June were ad-228

vected into the anticyclone, which was centered over the Eastern U.S. during 29-30 June.229

During May, the median duration is uniformly low across the CONUS, indicating that230

most of the CIAMs exit the domain rapidly via eastward advection by the jet. The spa-231

tial distributions of median τr clearly depict the confinement caused by the anticyclonic232

flow. As seen in Figure 4, however, there are fewer overshooting events in the southern233

U.S. during the months when the NAMA circulation is strong, as overshooting shifts north-234

ward to where the tropopause is lower and the jet is stronger during those months.235

Figure 7 shows the fraction of trajectories that remain in the NAMA domain as236

a function of trajectory duration. During day 1 the values are nearly flat, while during237

day 2 there is a rapid decrease. This can be attributed to the fact that most overshoot238

material is injected near the center of the domain and requires some time to be advected239

to the eastern edge (assuming predominantly westerly winds). At 370 K, the climato-240

logical mean zonal wind values near 40◦N, 100◦W are 18.3, 17.6, 12.0, and 14.8 m s−1
241

for May, June, July, and August, respectively, and based on these wind speeds the time242

it takes for material to be advected from the center to the eastern edge of the domain243

(45◦ separation and assuming a distance of 85 km per degree) are 2.4, 2.5, 3.7, and 3.0244
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Figure 6. Median τr for trajectories by month. The median of all trajectories are denoted in

the legend. Black contours represent the monthly mean 370 K Montgomery streamfunction at

intervals of 0.5 kJ kg−1.

d for each month. Therefore, during the first day there is little loss of particles. Mate-245

rial injected into the jet reaches the boundary after about a day and then rapidly ex-246

its the domain, causing the rapid drop on day 2. After the initial rapid decrease, the slower247

loss is due to particles partially confined within the NAMA. The linear behavior on this248

logarithmic plot is consistent with the behavior of steady flow through a well-mixed box249

with no new sources of particles. In May there is an intermediate period from days 3 to250

12 during which the exponential loss rate is faster than what occurs after day 12. In June,251

July, and August this transition from rapid advective loss to slower well-mixed loss oc-252

curs over only a few days. The exponential loss time scales for all four months are about253

10 d (see Figure 7 for values), although the initial fractions at the start of the exponen-254

tial decay are quite different.255

Figure 8 shows the PDFs of τr as a function of initial trajectory altitude (poten-256

tial temperature at initial time θ(t0)). In general, populations with higher initial alti-257

tudes tend to have a higher fraction of particles remaining inside the domain for a given258

time, which is consistent with wind speeds decreasing with altitude above the tropopause.259

The red lines denote the days at which the fraction reduces to 50% and was calculated260
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Figure 7. Fraction of the trajectories that has not left the NAMA domain, as a function

of trajectory duration. Red lines show the least squares fit to each curve from days 12 to 45.

Numerical values are the e-folding time in days estimated from the fits.

by interpolating the fraction at each height. In July and August for trajectories initial-261

ized below 360 K, the fraction inside the NAMA domain drops rapidly, while above 360262

K the loss of particles is significantly slower.263

3.3 Large-scale transport of convectively influenced air264

Yu et al. (2020) showed that deep convection over the CONUS moistens the lower265

stratosphere over North America. The large-scale transport of air mass from this region266

could potentially spread moisture-rich air over the Northern Hemispheric lower strato-267

sphere and into the tropics. In this section we examine the global transport of CIAMs268

due to the large-scale circulation.269

Because overshooting convection injects trace gases of tropospheric origin into the270

stratosphere, it is of special interest to understand the number of these plumes staying271

in the stratosphere after injection. Figure 9 shows the fraction of trajectories in four re-272

gions over time: (1) the extratropical lowermost stratosphere (ExLMS, purple); (2) the273

extratropical overworld stratosphere (blue); and (3) the tropical tropopause layer (TTL)274

and tropical lower stratosphere (red); and (4) the troposphere (gray). The heavy black275

line is the total fraction still in the stratosphere. The definitions of the regions used to276
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Figure 8. Fraction of particles within 145◦W–55◦W, 10◦N–55◦N as a function of time relative

to the trajectory initialization, for trajectories initialized in (a) May, (b) June, (c) July, and (d)

August. The red dashed line denotes the position of the 0.5 value. The right panels of each plot

show the normalized density of the initial potential temperatures θ(t = 0) of all trajectories

initialized in each respective month.
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Region May June July August All months

Extratropical lowermost stratosphere 28.6 24.9 27.2 26.5 26.6

Extratropical overworld stratosphere 5.8 9.7 17.0 12.4 10.9

TTL + tropical stratosphere 5.8 8.9 8.6 6.1 7.6

Troposphere 59.8 56.5 47.2 55.0 54.9

Table 3. Percentage of trajectories in each region 30 days after being spawned. Region defini-

tions are given in the caption of Figure 9.

categorize the trajectories are given in the figure caption. In all months, an initial rapid277

loss of particles into the troposphere is observed; amounting to ∼30% over the first 2 to278

3 d. After that, there is a slow decrease of the total fraction of trajectories in the strato-279

sphere, consistent with the downward Brewer-Dobson (B-D) circulation in the extrat-280

ropics. The majority of particles in the stratosphere are in the ExLMS, followed by the281

extratropical overworld stratosphere. Over time there is a slow increase of trajectories282

going into the TTL and tropical stratosphere, suggesting that some air plumes originat-283

ing from overshooting convection over the CONUS are transported into the tropics and284

end up in the tropical lower stratosphere. This air is likely to ascend in the upward branch285

of the B-D circulation. Table 3 gives the percentage of trajectories in each stratospheric286

region after 30 days of transport. In all four months, more than 40% of trajectories are287

still in the stratosphere after 30 days, with May having the smallest percentage (40%)288

and July the largest (53%). June and July have a relatively higher percentage of trajec-289

tories in the TTL and tropical stratosphere (9% in both months), while July and Au-290

gust have higher percentages in the extratropical overworld stratosphere (17% and 12%,291

respectively). Overall we find that a significant percentage of air plumes originating from292

CONUS overshooting convection remain in the global lower stratosphere (45% after 30293

days).294

In addition to evaluating the fraction of trajectories in stratospheric regions, we295

also examine the latitude-height cross sections of trajectory distributions to understand296

transport characteristics. The cross-sections of normalized distributions of the initial (t =297

0) trajectory locations (Figures 10a–d) show the northward migration of overshoots as298

the warm seasons progresses from May to August. Overshoot detection by NEXRAD299
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Figure 9. Fraction of particles in various zones over time for trajectories spawned in (a) May,

(b) June, (c), July, and (d) August. The zone definitions are: extratropical lowermost strato-

sphere: 380 ≥ θ > θtrop and |ϕ| > 20◦ where θtrop is the tropopause potential temperature;

extratropical overworld stratosphere: θ > 380, |ϕ| > 20◦; TTL and tropical stratosphere: θ > 355

K and |ϕ| ≤ 20◦; troposphere: θ ≤ 355 if |ϕ| ≤ 20◦, or θ ≤ θtrop if |ϕ| > 20◦.
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f) June t = 30 days
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c) July t = 0 days
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g) July t = 30 days

-2
0

0
1-

0

0

00

0

0

0

0

0

0 0

1
0

10

0
2

20

3
0

30
4
0

40

50

280

300

300

320

340

360

400

420

440

460

480

500

520 540

560

380

d) August t = 0 days
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h) August t = 30 days
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Figure 10. Normalized distributions of particles at t = 0 days (a, b, c, d) and t = 30 days (e,

f, g, h) for trajectories initialized in May (a and e), June (b and f), July (c and g), and August (d

and h). All distributions are normalized by the total number of particles at t = 0. Gray contours

are isentropes, the red contour indicates the 380 K isentrope, and cyan contours are the mean

zonal wind at intervals of 10 m s−1 (dashed negative.)

drops off quickly north of the U.S.–Canada border due to the lack of radar coverage, and300

this is apparent in Figures 10c and d where the high density of particle locations are cut301

off sharply north of 50◦N. After 30 days of being advected by the large-scale flow, re-302

gardless of month, most trajectories remain in the northern hemisphere (Figures 10e–303

h). Note that Figures 10e–h have different color scales than those of Figures 10a–d. Af-304

ter 30 days of transport, trajectories from all four months exhibit a common maximum305

with high trajectory density centered around the tropopause in the extratropical North-306

ern Hemisphere. This group of trajectories lies mostly around the 330 K to 350 K isen-307

tropes and above the tropopause, suggesting that these particles are mostly in the ExLMS308

region or in the troposphere near the tropopause.309

The subtropical jet is a transport barrier between the subtropical upper troposphere310

and the extratropical lower stratosphere (Bowman, 1996), and as such the location of311

the trajectory origins relative to the subtropical jet is an important factor in determin-312

ing where particles are transported. The tropopause break is the transition zone between313
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the high-altitude tropical tropopause and the lower extratropical tropopause, and Homeyer314

and Bowman (2013) used the latitude of tropopause break as the latitude of the subtrop-315

ical jet. In an analysis of the dynamical tropopause, Kunz et al. (2011) show in their Fig-316

ure 6 that the height of the mean subtropical jet maximum is near 350 K and that the317

latitudinal position of the jet core corresponds well to where the 350 K surface intersects318

the tropopause break. Based on these findings, in this study we evaluate the intersec-319

tion of the 350 K surface and the tropopause at each 1-hourly ERA5 analysis, and use320

the latitudes of the intersections as the subtropical jet latitude. The jet latitude is de-321

termined at each longitude, and the jet latitude is interpolated to the trajectory initial322

longitude to determine the relative latitude of the trajectory initial locations with re-323

spect to the jet.324

Cross-sections of particle densities in tropopause- and jet-relative coordinates are325

shown in Figure 11 for particles originating from north and south of the subtropical jet.326

After 30 days, it is observed that particles starting from south of the jet have a higher327

percentage remaining above the tropopause. For instance, for trajectories initialized in328

July north of the jet, after 30 days there are 11% above the the tropopause and south329

of the jet, and 28% above the tropopause and north of the jet (Figure 11g). In compar-330

ison, Figure 11o shows that the percentages are 21% and 40% for particles originating331

from south of the jet, indicating that it is more likely for air to stay in the stratosphere332

if the injection occurred south of the jet. This is true for trajectories from all four months.333

Since the tropopause is generally higher south of the jet, overshooting convection occur-334

ring south of the jet would inject air at higher isentropes (see Figure 10), thus favoring335

longer residence time in the stratosphere. The differences between the July/August ver-336

sus the May/June patterns is also more notable when injections occur south of the jet.337

In July/August the stratospheric fractions after 30 days are significantly higher than those338

of May/June, suggesting that injection into the anticyclone interior (which is south of339

the jet) may facilitate longer residence in the stratosphere.340

There is also a difference in across-jet transport among particles originating from341

north or south of the jet. Air from south of the jet is more likely to be mixed into north342

of the jet, evident from the percentages shown in Figure 11. In fact, Figure 11o and p343

shows that the percentages north of the jet are 52% and 53%, respectively, suggesting344

that air injected south of the jet in July or August is slightly more likely to be trans-345

ported north of the jet. A majority of these particles are in the extratropical stratosphere.346
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In comparison Figure 11g and h shows that the percentages south of the jet are 36% and347

27%, indicating that there is relatively less north-to-south mixing.348

To further understand what determines whether CIAMs end up above or below the349

tropopause, we analyze the characteristics at the trajectory initial locations. The dis-350

tributions of θ at t = 0 days for trajectories that end up above or below the tropopauses351

at t = 30 days are shown in Figure 12a . For ease of discussion we refer to the trajec-352

tory population above (below) the tropopause at t = 30 days as the stratospheric (tro-353

pospheric) population. The θ(t = 0) values of the stratospheric population are mostly354

greater than 360 K, which is not surprising given that diabatic heating is generally neg-355

ative below 360 K (Figures 1–3); plumes starting below 360 K are less likely to remain356

in the stratosphere. However, injection above 360 K is not sufficient for plumes to re-357

main in the stratosphere, as a large portion of the tropospheric population are charac-358

terized by θ(t = 0) ≥ 360 K. This suggests that factors other than injection height359

also play a role in causing these plumes to remain in the stratosphere. The tropopause-360

relative injection potential temperature is given in Figure 12b, and here the tropospheric361

populations are more frequently found near the tropopause than the stratospheric pop-362

ulations.363

Figure 12c shows the initial relative vorticity of the populations. For July, the per-364

centage of the stratospheric (tropospheric) population that has negative initial relative365

vorticity is 76.1% (63.5%), while for August it is 70.2% (58.6%). This suggests that there366

is a preference of the stratospheric population to have originated from anticyclonic flow367

regimes. In Figure 12d we show the distribution of Montgomery streamfunction anomaly,368

defined as ψ′ = ψ(λ0, ϕ0, θ0) − ψ̄(θ0) where ψ is the Montgomery streamfunction, λ0369

is the trajectory initial longitude, ϕ0 is the trajectory initial latitude, θ0 is the trajec-370

tory initial potential temperature, and ψ̄(θ0) is the mean Montgomery streamfunction371

in the domain 145◦W–55◦W, 10◦N–55◦N at θ0. As seen in Figure 2, the anticyclone is372

characterized by higher values of ψ relative to the surrounding. In Figure 12d, we find373

that the population remaining in the stratosphere have negatively skewed distributions374

of ψ′, with the majority of ψ′ being positive. The percentage of the stratospheric (tro-375

pospheric) population with positive ψ′ for July is 75.1% (34.4%) while for August it is376

62.7% (24.7%). Together with Figure 12c, which shows that the stratospheric popula-377

tion has slightly higher probability of having originated from regions of negative vortic-378
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Figure 11. Normalized distributions of particles at t = 0 days (a, b, c, d) and t = 30 days (e,

f, g, h) for trajectories initialized north of the subtropical jet in May (a and e), June (b and f),

July (c and g), and August (d and h). In plots e–h, the percentage of trajectories in each quad-

rant (north/south of the jet and above/below the tropopause) are shown, and the percentages

in red are the total stratospheric percentage. Plots i–p are the same as a–h except for particles

originating from south of the jet.
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Figure 12. Normalized density functions of (a) potential temperature, (b) tropopause-relative

potential temperature, (c) relative vorticity, and (d) Montgomery streamfunction anomaly at the

July–August trajectory initial locations of particles from the stratospheric and tropospheric pop-

ulations. The stratospheric (tropospheric) population is defined as all trajectories above (below)

the tropopause after 30 days of advection. Solid (dashed) lines denote the density functions of

particles from the stratospheric (tropospheric) population

ity, these two results show that convective injection into anticyclonic flow increases the379

chances of air plumes to remain in the stratosphere.380

To examine the potential connection between the large-scale transport of CIAMs381

to lower stratospheric water vapor, we show the distribution of trajectories within the382

90-110 hPa layer after 30 days of advection (Figure 13), overlaid with the mean 100 hPa383

water vapor mixing ratio based on the Aura Microwave Limb Sounder V5 H2O prod-384

uct (Lambert et al., 2007). Note that in Figure 13a, while the colors show the raw count385

of trajectories originating from May 30 days after being spawned, the mean water va-386

por shown (black contours) is for June. A similar relationship applies for Figure 13b-d.387

The water vapor local maxima over South Asia represents the core of the Asian mon-388
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soon anticyclone (AMA), and we find that trajectories originating from CONUS are rarely389

transported into the interior of the AMA, which is consistent with large-scale divergence390

from the AMA. For the trajectories initialized in June, July, and August, the confine-391

ment due to the NAMA is increasingly evident, and the locations of the water vapor max-392

ima in the western hemisphere correspond well to the regions with denser trajectories393

(e.g. between 20◦N–40◦N, 120◦W–90◦W in July). However, the high water vapor mix-394

ing ratios equatorward of 20◦N do not generally correspond to large counts of trajecto-395

ries. This suggests that additional sources of stratospheric water vapor outside the range396

of the U.S. NEXRAD network, such as overshooting convection occurring along the Sierra397

Madre Occidental in western Mexico or around the Panama Bight (Liu & Liu, 2016),398

may contribute to the North American water vapor feature.399

4 Summary and conclusion400

NEXRAD radar observations and the lapse-rate tropopause based on the ERA5401

reanalysis are used to identify convective overshooting events over the CONUS during402

May to August over thirteen years (2008-2020). Using horizontal winds and diabatic heat-403

ing rates in isentropic coordinates from ERA5, trajectory calculations are used to assess404

the large-scale transport of plumes originating from overshooting convection. In each grid405

box containing an overshooting event, particles are distributed evenly in the vertical based406

on pressure, so that the number of trajectories can be interpreted as proportional to the407

mass of convectively-influenced air. We find that the largest number of overshooting events,408

and thus the largest number of particles, occurs during June. Overshooting tends to oc-409

cur in the central plains of the U.S., and shifts northward as the warm season proceeds410

from May into July/August.411

We find that more overshoots and mass injection occurs during May and June, but412

the jet is stronger and the NAMA is non-existent or weak during these two months. As413

such, particles are more quickly exported from North America, particularly in May. July414

exhibits the strongest confinement effect on plumes from overshoots, May has the weak-415

est, and June and August have rather comparable confinement characteristics. Follow-416

ing the initial rapid export from North America of a large portion of the injected air by417

the jet, the remaining air decreases with an e-folding time scale of around 10 days (Fig-418

ure 7). Residence times over North America tend to be much longer for overshooting that419

occurs in the southern CONUS where the injection is much more likely to be within the420
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Figure 13. The raw count of trajectories (colors) within 90–110 hPa after 30 days of advec-

tion for trajectories spawned in (a) May, (b) June, (c) July, and (d) August. Black contours are

the mean Aura MLS 100 hPa water vapor volume mixing ratio (ppmv) for (a) June, (b) July, (c)

August, and (d) September. The right panel in each plot shows the zonally-summed trajectory

count.
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NAMA. This is most noticeable from July through August when the NAMA is strongest.421

Residence time also increases with altitude, consistent with decreasing wind speeds above422

the jet in the stratosphere (Figure 8).423

One important question to address is how long injected air remains in the strato-424

sphere. We show that after 30 days of transport, 45% of all particles are still in the strato-425

sphere, and about 16% of mass is injected directly into the overworld. Transport of air426

from the lowermost stratosphere into the troposphere happens at a rapid and steady rate,427

while the loss of particles from the overworld stratosphere is much slower. For instance,428

the percentage of particles in July injected into the overworld stratosphere is 21%, and429

after 30 days of transport 17% still remain in the overworld.430

By separately evaluating injection north or south of the subtropical jet, we find that431

a higher percentage of particles originating south of the jet stay in the stratosphere. While432

particles injected north of the jet can disperse above the jet in the stratosphere into the433

tropics, a large number descend into the troposphere north of the jet in a pattern con-434

sistent with the secondary circulation around the jet and the preferred locations of tropopause435

folds. As a result, a higher fraction of particles are transported into the troposphere. On436

the other hand, particles originating from south of the jet tends to have a higher chance437

of remaining in the stratosphere, especially if the injection takes place during July or Au-438

gust. In our analysis of trajectory initial conditions, we find that the initial potential tem-439

perature of particles and whether or not they originate within the NAMA are the best440

predictors of whether they will remain in the stratosphere after 30 days.441

In June–August, a portion of air injected into the stratosphere over the CONUS442

is confined within the NAMA circulation, some descends into the troposphere, and the443

remainder is dispersed around the globe, mostly between 0◦ and 40◦N. Little of the air444

enters the AMA circulation, consistent with the net outflow from the AMA in the lower445

stratosphere. Though we find correspondence between the trajectory density and west-446

ern hemispheric lower stratospheric water, particularly in the subtropics and mid-latitudes,447

the elevated amounts of water vapor at low latitudes did not correlate to trajectories orig-448

inating from CONUS. This could possibly be due to the spatial coverage of the NEXRAD,449

whose observations are limited mostly to the CONUS. Deep convection at lower latitudes,450

such as those over Gulf of Mexico, Sierre Madre, and the region around the Panama Bight,451

could possibly play a role in hydrating the western hemispheric lower stratosphere.452
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. . . Thépaut, J. (2020, jul). The ERA5 global reanalysis. Quarterly Journal of540

the Royal Meteorological Society , 146 (730), 1999–2049. doi: 10.1002/qj.3803541

Homeyer, C. R., & Bowman, K. P. (2013). Rossby wave breaking and transport be-542

tween the tropics and extratropics above the subtropical jet. Journal of the At-543

mospheric Sciences, 70 (2), 607–626. doi: 10.1175/JAS-D-12-0198.1544

Hossaini, R., Chipperfield, M. P., Montzka, S. A., Leeson, A. A., Dhomse, S. S.,545

& Pyle, J. A. (2017). The increasing threat to stratospheric ozone from546

dichloromethane. Nature Communications, 8 (May), 1–9. Retrieved from547

http://dx.doi.org/10.1038/ncomms15962 doi: 10.1038/ncomms15962548

Hossaini, R., Chipperfield, M. P., Montzka, S. A., Rap, A., Dhomse, S., & Feng, W.549

(2015, mar). Efficiency of short-lived halogens at influencing climate through550

–29–



manuscript submitted to JGR: Atmospheres

depletion of stratospheric ozone. Nature Geoscience, 8 (3), 186–190. Retrieved551

from http://www.nature.com/articles/ngeo2363 doi: 10.1038/ngeo2363552

Jensen, E. J., Pan, L. L., Honomichl, S., Diskin, G. S., Krämer, M., Spelten, N., . . .553
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