
1.  Introduction
Cross-tropopause convection within the North American monsoon anticyclone (NAMA) has been shown 
to influence the composition of the upper troposphere and lower stratosphere (UTLS) over North America 
during the boreal summer, but its overall effects are poorly understood. Moreover, the NAMA is associated 
with a local boreal summer water vapor maximum and ozone minimum (Ploeger, Günther, et al., 2013; 
Randel, Zhang, & Fu, 2015; Schwartz et al., 2013). The composition of the UTLS is significant because of 
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these radiatively important gases (water vapor and ozone) and because of the potential impacts on ozone 
chemistry. The distributions of water vapor (Riese et al., 2012; Solomon, Rosenlof, et al., 2010) and ozone 
(Kuilman et al., 2020; Nowack et al., 2018; Shine et al., 2003; Xia et al., 2018) in the UTLS have been shown 
to strongly influence radiative forcing and surface temperatures. Further, water vapor mixing ratios, as well 
as those of other convectively influenced chemical species, in the UTLS have the potential to kinetically 
favor the heterogeneous chemistry that drives halogen catalyzed ozone loss (Anderson & Clapp, 2018; An-
derson, Weisenstein, et al., 2017; Anderson, Wilmouth, et al., 2012; Liang et al., 2014; Robrecht et al., 2019; 
Schoeberl et al., 2020; Schwartz et al., 2013; Sinnhuber & Meul, 2015; Solomon, Kinnison, et al., 2016; Wales 
et al., 2018). To begin to quantify the influence of cross-tropopause convection on UTLS composition, we 
utilize a climatology of satellite identified deep convection to evaluate meridional transport of convectively 
influenced air masses (CIAMs) and outflow regions of the NAMA stratospheric circulation to the global 
stratosphere.

Cross-tropopause convection has been shown to rapidly transport boundary layer air and entrained trop-
ospheric air, environmental air mixed into convective updrafts, into the lower stratosphere by in situ 
measurements (Bucci et al., 2020; Corti et al., 2008; de Reus et al., 2009; Gettelman et al., 2004; Hegglin 
et  al.,  2004; Herman et  al.,  2017; Khaykin, Pommereau, Korshunov, et  al.,  2009; Khaykin, Pommereau, 
Riviere, et al., 2016; Pittman et al., 2007; Poulida et al., 1996; Ray et al., 2004; Sargent et al., 2014; Sayres 
et al., 2010; Smith et al., 2017; Weinstock et al., 2007), satellite observations (Eguchi et al., 2016; Hanisco 
et al., 2007; Homeyer, 2014; Homeyer et al., 2017; Iwasaki, Shibata, Nakamoto, et al., 2010; Iwasaki, Shi-
bata, Okamoto, et al., 2012; Randel, Moyer, et al., 2012), and modeling studies (Hassim & Lane, 2010; Li 
et al., 2005; Phoenix, Homeyer, & Barth, 2017; Qu et al., 2020; Sang et al., 2018; P. K. Wang et al., 2011). Con-
vective transport bypasses the dominant global scale troposphere-to-stratosphere transport associated with 
the Brewer-Dobson circulation of slow ascent of air in the tropics across the tropical tropopause followed by 
meridional transport. As a result of its rapid nature, the cross-tropopause convective transport mechanism 
impacts the composition of the UTLS by introducing air masses chemically distinct from air transported by 
the slow ascent of the Brewer-Dobson cycle. This convectively influenced chemically distinct air has been 
observed in situ in the UTLS over North America including perturbations to water vapor, ozone, and other 
tracers (Gettelman et al., 2004; Herman et al., 2017; Li et al., 2005; Pittman et al., 2007; Ray et al., 2004; 
Smith et al., 2017; Weinstock et al., 2007). Moreover, the NAMA has been shown to be the region of greatest 
cross-tropopause convective moistening by a global analysis of both satellite and in situ observations of 
elevated stratospheric water vapor (Jensen et al., 2020; Werner et al., 2020) and by satellite observations of 
deuterated water, HDO (Hanisco et al., 2007; Randel, Moyer, et al., 2012). Model simulations of cross-tropo-
pause convection reproduce these observations of convective UTLS compositional influence including both 
the upward transport of tropospheric air and the less understood downward mixing of stratospheric air by 
dynamical processes, including gravity wave breaking and mass conservation driven subsidence, globally 
(Frey et al., 2015; Sang et al., 2018), and over North America (Homeyer et al., 2017; Phoenix, Homeyer, & 
Barth, 2017; Phoenix, Homeyer, Barth, & Trier, 2020; Qu et al., 2020).

The interaction between cross-tropopause convection and the larger NAMA circulation controls the ulti-
mate impact on stratospheric composition through the redistribution of the convective outflow. The NAMA 
has been shown to transport convectively influenced air masses far from the geographic source region in 
trajectory analyses of in situ observations of trace species including water vapor, carbon monoxide, and 
carbon dioxide (Li et al., 2005; Gettelman et al., 2004; Herman et al., 2017; Pittman et al., 2007; Randel, 
Moyer, et al., 2012; Ray et al., 2004; Smith et al., 2017; Weinstock et al., 2007), and in modeling studies of 
water vapor (Nützel et al., 2019; Ploeger, Günther, et al., 2013; Poshyvailo et al., 2018) and of potential vor-
ticity streamers (Kunz et al., 2015). Further, a study of satellite measured water vapor and radar observed 
convection occurring over the continental US has demonstrated the importance of the NAMA circulation 
mediating the convective hydration of the lower stratosphere (Yu et al., 2020). Several trajectory analyses 
of satellite identified cross-tropopause convection have shown that the NAMA circulation contains outflow 
over North America with significant contributions from convection over the Sierra Madres and the tropics 
(Clapp et al., 2019; X. Wang et al., 2021). Finally, the NAM has also been shown in a modeling study to have 
a transport efficiency of air into the stratosphere comparable to the efficiency of the tropics, though less 
than that of the Asian monsoon (Yan et al., 2019).
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While the transport of boundary layer air, including halogen very short-lived species (VSLS), into the global 
lower stratosphere by deep convection and through monsoon circulation has been studied in the Asian mon-
soon using climate models (Fadnavis et al., 2018; Wu et al., 2020) and trajectory analyses (Fiehn et al., 2017; 
Garny & Randel, 2016; Vogel, Günther, Müller, Grooß, Hoor, et al., 2014; Vogel, Müller, et al., 2019), the 
potential transport pathways of CIAMS through the NAMA to the global lower stratosphere is not well un-
derstood. Chemical-transport studies that accurately reproduce satellite observations of the seasonal sum-
mer stratospheric water vapor maximum over the Asian monsoon but do not capture the NAMA maximum 
exemplify this discrepancy (Nützel et al., 2019; Ploeger, Günther, et al., 2013; Poshyvailo et al., 2018).

In this work, we assess net meridional transport of CIAMs within the NAMA circulation, and identify 
specific outflow regions of CIAMs from the anticyclone to the global stratosphere. To accomplish this we 
performed a trajectory analysis of “overshooting tops” (OTs) identified using GOES satellite images (Bedka 
& Khlopenkov, 2016) in the May to September of 2013 time period and constructed a climatology of outflow 
from the NAMA region. OTs, deep convective updrafts that penetrate the cirrus anvil and local tropopause, 
were used to indicate cross-tropopause convection, although they do not independently verify that irrevers-
ible transport from the troposphere to stratosphere occurred. The forward trajectories initialized at each 
OT, were evaluated using Modern-Era Retrospective Reanalysis for Research and Applications, Version 2 
(MERRA-2) winds to simulate the effect of the NAMA. From this work (a) the effect of the NAMA circula-
tion on the meridional transport of CIAMs and its seasonal, geographic, and altitude trends are quantified 
and (b) the dominant outflow regions from the NAMA into the global lower stratosphere are identified and 
their seasonal evolution is evaluated.

2.  Data and Methods
The present analysis of potential cross-tropopause transport by deep convection and subsequent transport 
by the NAMA was conducted by tracking trajectories of CIAMs, which are described in more detail below. 
The CIAMs were identified using an OT climatology derived from GOES satellite images and the trajectories 
tracking these parcels from their initial source region through the NAMA and out to the global stratosphere 
were driven using MERRA-2 winds (see also Clapp et al. [2019] for a description of both these products).

The OT climatology, derived from GOES data, represents a hemispheric record of convection with coverage 
from 29°S to 68°N and from 205°W to 1.25°W, which we define as our study domain. OTs are algorithmi-
cally identified using multispectral imagery from GOES-13 and 15 (Bedka & Khlopenkov, 2016), and the 
product was used previously in Clapp et al. (2019). Updrafts that overshoot their anvil altitude but do not 
reach the tropopause are not included in this study. To represent the subsequent movement of convectively 
influenced air parcels, a three-dimensional trajectory analysis was performed for each OT for the time pe-
riod from May 1, 2013 to September 30, 2013. The trajectories were initialized using the latitude, longitude, 
time, pressure, and potential temperature of the cloud top of each observed OT (1 trajectory per OT) provid-
ed by the OT climatology. Only OTs with detection probability ratings (as determined by the temperature 
differences between the OT and the anvil, tropopause, and local level of neutral buoyancy) greater than or 
equal to 0.9 were used in this analysis. Here, the tropopause was determined by the MERRA-2 tropopause 
analysis which is based on a combination of the WMO definition of the primary lapse rate tropopause and 
equivalent potential vorticity (Gelaro et al., 2017). The detection probability threshold detected ∼50% of 
human-identified OTs randomly sampled throughout the world (Bedka & Khlopenkov, 2016). At this rating, 
the false detection rate was determined to be ∼10%, and these errant detections were typically found in close 
proximity to actual OT regions, so inclusion of these samples in the trajectory analysis does not adversely 
affect the results. The Bedka and Khlopenkov (2016) OT identification method (which performs best in the 
detection of OTs associated with storms with strong updrafts) is a conservative methodology that underpre-
dicts OTs allowing for high confidence in the OTs that are detected. The potential temperature of each OT 
was derived from the OT IR temperature and pressure derived from the OT height and MERRA-2 (Gelaro 
et al., 2017) reanalysis, using the method of Griffin et al. (2016).

Trajectory wind fields were taken from the MERRA-2 reanalysis, available at 0.5° × 0.625° spatial resolution 
and 3 h temporal resolution. The trajectory calculations of the CIAMs utilize a three-dimensional kinematic 
fourth order Runge-Kutta method with a time step of 3 h (Clapp et al., 2019). Trajectories initialized at the 
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location and time of individual OTs were calculated until the trajectory left the bounding box of the study 
domain, 29°S to 68°N and 205°W to 1.25°W, with a vertical extent from 350 to 550 K. Three-hundred fifty 
Kelvin was selected as a lower bound for the purposes of the trajectory calculations, beyond which the 
CIAM is considered to have returned to the troposphere. In the following discussion we focus on the 370 
and 400 K levels to differentiate between the more frequent “shallow” cross-tropopause convection, and 
the less frequent “deep” cross-tropopause convection, which have different geographic and seasonal source 
distributions. For example, when considering “deep” cross-tropopause convection the central US becomes 
a significant source region, particularly in May, June, and August (Clapp et al., 2019; Cooney et al., 2018). 
When considering “shallow” cross-tropopause convection, however, the tropics and the Sierra Madre re-
gions are more important (Clapp et al., 2019).

The use of MERRA-2 reanalysis winds for trajectory calculation is limited by the native resolution of the 
reanalysis (0.5° × 0.625°), and by the influence that the convective overshoots may have had on strato-
spheric winds at the point of trajectory initiation that is not represented by the reanalysis. Further, despite 
the relatively high spatial resolution, the coarseness of the temporal resolution of the MERRA-2 reanalysis 
wind fields is also limiting factor that can lead to errors in trajectory calculation due to sampling errors 
arising from the undersampling of the wind fields in time relative to space (Bowman et al., 2013; Hoffmann 
et al., 2019; Stohl et al., 1995). Errors in identifying the OT altitude and potential temperature from which to 
initiate the trajectory are also a limitation. The large number of trajectories used, however, should minimize 
the effect of error in individual trajectories, and is sufficient to evaluate large-scale trends in transport and 
outflow.

The OT distribution and CIAM trajectory climatology do not represent a complete budget of cross-tropo-
pause convection occurring in the study region and over the time period considered. This is because the 
GOES OT data were acquired every half hour while the average lifetime of an OT is several minutes (Bedka 
& Khlopenkov, 2016). Consequently, the OT data set used in this study represents a small percentage of the 
total number of OTs that occurred and should not be used to estimate total convective outflow. The OT data 
set, however, is still valid for analyzing large-scale transport trends and distributions because the consistent 
and frequent sampling, the long time period under study, and the large region of interest retain the major 
features of OT frequency, depth, and geographic distribution.

To restrict the analysis to CIAMs influenced by the NAMA, only CIAMs with trajectories that passed 
through the NAMA region (defined as 17.5°N to 45°N and 122.5°W to 85°W, see Figure 1) were consid-
ered. This region, though representative of the NAMA geographic position, is intentionally larger than the 
instantaneous geographic extent of the NAMA (as defined by a closed contour of the Montgomery stream-
function at any given potential temperature level) to account for the instability of the NAMA in both posi-
tion and strength over time. Using a larger representative region ensured consideration of all CIAMs likely 
influenced by the anticyclonic circulation during the entire season. CIAM trajectories were considered to 
have exited the area of NAMA influence once they permanently crossed an outer boundary (defined as 6°N 
to 70°N and 145°W to 45°W, see Figure 1), that is, the trajectory did not re-enter the outer boundary before 
leaving the larger study area (29°S to 68°N and 205°W to 1.25°W). The point and time at which the CIAM 
trajectory crossed this outer boundary is considered the outflow event from the NAMA circulation region 
into the global lower stratosphere for the purposes of identifying seasonal outflow regions to the global 
stratosphere. As CIAM trajectories were simulated until leaving the larger study region all outflow events 
occurring from May to September were captured. Further, to ensure that only CIAMs that had reached the 
stratosphere were included in the analysis, trajectories that were below the local tropopause, determined us-
ing the WMO lapse rate tropopause definition and MERRA-2 meteorological fields, at the point of crossing 
the outer boundary were not considered. In total, 207,691 CIAMs are included in the study.

3.  Results
3.1.  Seasonality of the NAMA and of Cross-Tropopause Convection

In order to distinguish transport of CIAMs through the NAMA circulation from transport via the back-
ground stratospheric flow, we first analyze the seasonally dependent properties of NAMA location and 
strength, independent from CIAM trajectories. The location and strength of the NAMA is quantified using 
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the maximum Montgomery potential over North America (defined between 50°W and 140°W) at various 
potential temperatures in the UTLS. Montgomery potential, defined as:

  pM Φ C T 

where Φ is the geopotential, Cp is the specific heat of air at constant pressure, and T is the temperature, is 
the streamfunction for geostrophic wind on isentropic surfaces. Montgomery potential is the appropriate 
streamfunction for the analysis of circulation on isentropic surfaces, and has been used to evaluate an-
ticyclones using potential temperature as the vertical coordinate in prior studies for the Asian monsoon 
anticyclone (Ploeger, Gottschling, et al., 2015; Popovic & Plumb, 2001; Santee et al., 2017), and the NAMA 
(Clapp et al., 2019).

Figure 1 illustrates the seasonal cycle of the NAMA during the study period to identify when it is expected 
to have the greatest influence. Figures  1a and  1b show Hovmöller diagrams of the Montgomery poten-
tial averaged between 17.5°N and 45°N from May to September of 2013 for 370 and 400 K, respectively. 
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Figure 1.  The seasonal development of the NAMA (North American monsoon Anticyclone) shown using the Montgomery potential (streamfunction on 
potential temperature surfaces) calculated from MERRA-2 reanalysis data at 370 and 400 K. Panels (a and b) show the Hovmöller diagram of Montgomery 
potential calculated as an average between 17.5°N and 45°N at 370 and 400 K respectively. Panels (c and d) show the seasonal evolution of the geographic 
location of the maximum Montgomery potential (calculated averaging over 2.5° × 3.125° bins) between 50°W and 140°W at 370 and 400 K, respectively. The 
innermost box in panels (c and d) depicts the NAMA-filtering region, the intermediate box depicts the outflow boundary of the study region, and the outermost 
box depicts the study region, which is the geographic extent of the OT data set (see the Methods section for more details).



Journal of Geophysical Research: Atmospheres

The geographic position of the daily running mean maximum Montgomery potential over North America 
during the same time period at both levels is also shown in Figures 1c and 1d. The Hovmöller diagrams 
show the absence of the NAMA in May (Diem et al., 2013; Geil et al., 2013; Vera et al., 2006), its initia-
tion in June, and strengthening in July that is maintained through August particularly between 120°W 
and 90°W. Comparison of the Montgomery potential at 370 and 400 K reveals the vertical structure of the 
NAMA, an increase in strength with altitude (the average value for the months of June, July, and August 
was 3.55 × 105 m2/s2 at 370 K in Figure 1a and 3.71 × 105 m2/s2 at 400 K in Figure 1b) and a geographic shift 
northward (the maximum values range between 0.4°N and 44.6°N with an average of 27.7°N for the months 
of June, July, and August at 370 K in Figure 1c and between 29.8°N and 45.9°N with an average of 37.4°N 
for the same time period at 400 K in Figure 1d).

The development of the NAMA throughout the summer has a strong impact on the CIAM trajectories. Fig-
ure 2 shows the monthly average Montgomery streamfunction at 370 K for the months of May to September. 
Overlaid on the Montgomery streamfunction contour plots are a subset of CIAM trajectories (markers) in-
cluded to illustrate the influence of the NAMA circulation. The color of the marker indicates the date of the 
CIAM trajectory initiation. The NAMA-driven transition from a largely zonal stratospheric flow early in the 
season to a closed circulation, though intermittent, that is strongest in August is apparent in both stream-
functions and trajectories. In May and June, the Montgomery streamfunction shows zonal flow throughout 
the domain, although in June the 355,000 m2/s2 contour is beginning to show a distortion. In July, August, 
and September however, anticyclonic circulation is apparent. For example, the 355,000 m2/s2 contour be-
comes closed in July and remains so through August. Similarly, the sample trajectories shown transition 
from largely zonal paths in May to circulations through the NAMA region in the latter three months.

As a consequence of this seasonality of the NAMA, its impact on the meridional transport of CIAMs and 
the development of distinct outflow regions is expected to manifest beginning in late June and be prominent 
through September with a maximum in August. Further, the increasing strength of the NAMA circulation 
with altitude through the UTLS also suggests it exerts a more consistent influence on CIAM outflow at 
400 K and above.

It is also important to consider the underlying geographic distribution of CIAM initial locations in order 
to account for seasonal trends in cross-tropopause convection that may contribute to changes in the loca-
tions of CIAM outflow across the outer boundary. Figure 3 shows the monthly distributions of all CIAMs 
considered in this study for the months of May to September. The seasonal dependence of the relative im-
portance of different source regions is apparent. Most notably, the central US has its highest contribution 
of cross-tropopause convection in May and June relative to other regions. In contrast, the Sierra Madre 
region grows in convective contribution through July and August, and becomes dominant in September. 
The tropical Pacific region is a significant source in all months. Further, the frequency of cross-tropopause 
convection grows throughout the summer, reaching a maximum in August (69,353 CIAMs). These trends 
largely follow the conclusions of Clapp et al. (2019).

The interaction of the seasonal geographic distribution of CIAM initial locations with the seasonal de-
velopment of the NAMA results in a changing population of “active” CIAMs (CIAMs that have not yet 
permanently left the outflow boundary) as the rate of initial cross-tropopause convection, the rate of CIAM 
outflow, and the duration of entrapment within the NAMA circulation vary with time. Figure 4a shows the 
number of CIAMs initiated per day, the number of CIAMs that outflow per day, and the resulting number 
of “active” CIAMs, as a function of time at a daily resolution. The population of “active” CIAMs grows to 
a maximum in August, before declining through September. This trend shows the effects of both the sea-
sonality of cross-tropopause convection, and of the development of NAMA circulation. The increasing fre-
quency of cross-tropopause convection from May to September (shown by the increasing CIAM initiation) 
directly adds to the number of “active” CIAMs, while the increasing strength of the NAMA circulation, 
entraps CIAMs and delays outflow, resulting in a greater accumulation of “active” CIAMs. This entrapment 
is visible in Figures 4b and 4c which show histograms of the distributions of CIAM trajectory duration, 
from initiation to outflow, and of the NAMA residence time, the total time a CIAM trajectory was within 
the NAMA region (17.5°N-45°N and 122.5°W-85°W), subdivided by month of initiation. For example, of the 
CIAM trajectories that had a 5 day duration, 559 (17.8%) were initiated in May and 1,212 (38.6%) were initi-
ated in August, while of the CIAM trajectories that had a 20 day duration, 114 (5.0%) were initiated in May 
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and 861 (37.4%) were initiated in August. Similarly, the months of July, August, and September contribute 
most of the CIAM trajectories that had a NAMA residence time greater than 5 days.

3.2.  NAMA-Mediated Meridional Transport of CIAMs

In order to quantify the geographic distribution of CIAM outflow and identify any regions of consistent 
outflow and their seasonality, Figure 5 shows the evolution of the latitudinal distribution of CIAM outflow 
at the eastern and western boundaries of the study region (45°W and 145°W, respectively) over time for all 
CIAMs. In Figures 5a and 5b, outflow values are presented as a percentage of total outflow on each day 
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Figure 2.  The influence of the NAMA circulation on convectively influenced air mass (CIAM) trajectories shown by 
the monthly average Montgomery potential at 370 K for the months of May to September in contours with a subset 
of CIAM trajectories overlaid in markers. The CIAM trajectories are a subset of those initialized within the month 
of interest at 370 K with the date of trajectory initialization indicated by the color of the markers. The left-pointing 
triangle indicates the location of the initial OT, the right-pointing triangle indicates the location of outflow, and the 
circles the body of the trajectory. Progression from one marker to the next follows the 3-h time step of the trajectory.
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across the boundary of interest to remove the effect of the seasonal changes in total cross-tropopause con-
vection. To ensure that changes in the latitudinal distribution of outflow are not simply reflecting seasonal 
changes in the distribution of initial latitude of cross-tropopause convection within a context of hypotheti-
cal background zonal winds, Figures 5d and 5e show the ratio of percent CIAM outflow across the western 
and eastern boundary respectively at a given latitude to percent initial cross-tropopause convection at that 
latitude, for each daily mean value:
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Figure 3.  The seasonal development of the geographic distribution of all cross-tropopause convection included in this study shown by the CIAM initial 
locations binned at 2.5° × 2.5° for the months of May to September. The total number of CIAMs initialized within each month is indicated above each plot. 
Note the change in contour levels between panels (a and b) and panels (c–e).
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Figure 4.  The seasonal change in temporal duration of CIAM trajectories and their entrapment within the NAMA region. Panel (a) shows the number of 
“active” CIAMs, those that have not yet permanently left the outflow boundary (dash-dot line, right axis), the number of CIAMs initialized (solid line, left axis), 
and the number of CIAM outflow (dashed line, left axis) as a function of time at a daily resolution with the color of the line indicating the month. Panel (b) 
shows a histogram of the duration of all CIAM trajectories binned in 10 h intervals. The color divisions of each bin indicates the fractional contribution of each 
month to that bin. For example, of the CIAMs in the duration bin of 240–250 h, May contributed 206 (5.0%), June contributed 641 (15.5%), July contributed 
1,046 (25.4%), August contributed 1,656 (40.2%), and September contributed 575 (13.9%). Panel (c) shows a histogram of the NAMA residence time of all CIAM 
trajectories binned in 1 day intervals. The color of each bin indicates the fractional contribution of each month to that bin.

Figure 5.  The seasonal development of the latitudinal distribution of CIAM outflow across the eastern (45°W) and 
western (145°W) boundaries of the study region. Panels (a and b) show the percent of CIAM outflow occurring at each 
latitude (as binned by 1°) of total outflow across the boundary of interest as a function of time. Panel (c) shows the 
percent latitude distribution of the initial latitude (1° bins) of all CIAMs considered as a function of time. Panels (d and 
e) show the ratio of percent CIAM outflow at a given latitude to percent CIAMs initialized at that latitude (1° bins) as a 
function of time.
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At latitudes where more CIAM outflow occurs than initial cross-tropopause convection the ratio is greater 
than one. If, for example, the northward shift in outflow along the east boundary over time (Figure 5b) was 
a result of seasonal changes in the underlying distribution of cross-tropopause convection being advected 
eastward in a zonal flow (that is to say, if the distribution shown in Figure 5c mimicked Figure 5b), then the 
ratios in Figure 5e would be near one at all latitudes. High ratios indicate that the CIAM outflow at a given 
latitude is not matched by initial cross-tropopause convection at that given latitude. Therefore much of the 
CIAM outflow at that latitude was transported meridionally from its initial position and is not a result of 
purely zonal flow. Figure 5c shows the underlying percent latitude distribution of initial cross-tropopause 
convection.

The influence of the NAMA on outflow is most visible along the eastern boundary (Figure 5b). In May, 
prior to the development of the NAMA (see Figure 1) the majority of convective outflow (on average 83.8%) 
occurs in a southern band between approximately 5°N and 35°N. Beginning in late June coincident with 
the initiation of the NAMA, however, a consistent northern outflow zone appears between 35°N and 60°N. 
This northern band becomes the dominant outflow region (on average 91.2%) from July to August, when 
the NAMA circulation is most strong, with the southern band decreasing (on average 7.1%). Finally, as the 
NAMA begins to weaken through September, the CIAM outflow at the southern band slowly resumes with 
an average outflow of 18.8% and a maximum of 89.0%. Comparison of Figure 5b with Figure 5e demon-
strates that this seasonal trend in dominant eastern outflow latitude is not a consequence of seasonal 
change in initial cross-tropopause convection location: the percent of outflow at these northern latitudes 
(Figure 5b) is much greater than the percent of total initial cross-tropopause convection occurring at these 
latitudes (Figure 5c). CIAM outflow in the northeastern region contributes more than 20 times the amount 
of initial cross-tropopause convection at these latitudes by percent.

The location of this NAMA-dependent northeastern outflow region is likely a result of the interaction of 
the NAMA with the larger dynamics of the UTLS during summer. Specifically, the northern edge of the 
NAMA in general coincides with the subtropical jet (Okabe, 1995; Siu & Bowman, 2019). In fact, as the 
NAMA shifts northward across the season, the subtropical jet can merge with the polar jet across the north-
ern US (Okabe, 1995). This shared boundary is visible in Figures 2c and 2d in which the monthly average 
Montgomery streamfunction for July and August at 370 K show the co-location of the NAMA with the jet 
between approximately 45°N and 55°N. Much of the outflow from the trajectories shown in Figures 2c 
and 2d, also occurs in this region.

The influence of the NAMA circulation on outflow over the western boundary is less apparent (Figure 5a). 
Throughout the entire time period studied, the majority of CIAM outflow across the western boundary 
occurs in the tropics (97.5% of total CIAM outflow along this boundary occurs below 30°N and 83.9% below 
20°N) with little variability. It is important to note, however, that outflow across the western boundary does 
not occur before late May, and is sporadic until mid-June.

The seasonal dependence of the southwestern outflow region is more clearly shown in Figure 6, which 
depicts the percent contribution of each major outflow region (northeast, southeast, and southwest) to the 
total NAMA-influenced CIAM outflow across all boundaries as a function of time for selected isentropes. 
Figure 6a demonstrates that the southwest outflow region only begins to constitute greater than 10% of total 
outflow in late June, after which it contributes to outflow episodically reaching a maximum of 92.8% in late 
August and early September before declining. The seasonal trend of southwestern outflow, like outflow 
across the northeastern boundary, follows the development and seasonal strength of the NAMA. Figure 5d 
shows that when accounting for the initial cross-tropopause convection latitude distribution, the seasonal 
structure remains. This seasonal trend in Figure 6a is not visible in Figure 5a due to differences in normal-
ization. In Figure 5a the outflow at each latitude is expressed as the percent of outflow across the western 
boundary rather than of all outflow across all boundaries as in Figure 6a. Figure 6b, however, shows that 
while outflow across the southwestern boundary is significant relative to all outflow in late June, large out-
flow does not occur across this boundary until late July and August in terms of numbers of CIAMs.
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Figure 6 shows the contribution of the three major CIAM outflow regions (southwest, southeast, and north-
east) as a percentage of total outflow and function of time for selected isentropes to determine if outflow 
had any altitude dependence. Here again we see the distribution of CIAM outflow between these three 
regions has a seasonal structure, determined by the presence and strength of the NAMA. In May when the 
NAMA is absent and the flow is predominantly zonal, the majority of CIAM outflow occurs in the southeast 
region, on average 75.5%. Similarly, without the presence of the NAMA circulation during this period, few 
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Figure 6.  The seasonal changes in the contributions of each outflow region as a function of time at a daily resolution. 
Panel (a) shows the percent of total CIAM outflow through each outflow region (indicated by color) as a function of 
time. Panel (b) shows the absolute number of total CIAM outflow (gray dashed line), of the sum of the three identified 
outflow regions, and of each individual outflow region (indicated by color). Panels (c–e) show the relative contributions 
of CIAM outflow at different potential temperatures as a function of time for the southwest, southeast, and northeast 
outflow regions, respectively.
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CIAMS exit through the southwest and northeast regions (on average 0.7% and 13.1% in May). In contrast, 
during July and August, when the NAMA is at its strongest, the southwest and northeast account for 13.4% 
and 68.1% of total CIAM outflow respectively, while the southeast contribution drops to 5.6%. CIAM out-
flow transitions between these regions through June as the NAMA forms. September is also a transition 
period as the NAMA weakens and outflow shifts away from the northeast and southwest region to the 
southeast region.

Figure 6b shows the absolute rate of daily CIAM total outflow as well as the contributions of each outflow 
region as a function of time. The number of CIAM outflow increases across the season with a maximum in 
August, following the seasonal trend of cross-tropopause convection, which also grows during the summer 
with a peak in August (Figure 4a). Of particular interest are the large outflow events occurring in early Au-
gust and late September. Figures 1a and 1b show that the NAMA broadened significantly to the east around 
August 12 at both 370 and 400 K, and at 370 K the Montgomery potential gradient weakened to the east, 
likely resulting in an episode of large outflow. Similarly, around September 18 there is another eastward 
shift of the NAMA visible, though less pronounced as the NAMA is generally weaker in this period.

It is also evident in Figures 6c–6e, which show the percentage of CIAM outflow occurring at each outflow 
region within 10 K bins centered at the labeled potential temperatures, that much of the seasonal cycle in 
CIAM outflow is driven by the lower levels, that is, 370, 380, and 390 K. Outflow at 370 K accounts for the 
majority of the change in the distribution, with its contribution varying between 0% and 78.7% in any one 
given region. For comparison 380 K varies between 0% and 42.4%, and 400 K between 0% and 21.2%. This is 
expected as the number of CIAMs that reach upper levels is significantly lower, with the difference between 
400 and 370 K being approximately an order of magnitude (Clapp et al., 2019). The seasonal shift of the 
dominant CIAM outflow region from the southeast prior to the NAMA, to the northeast and southwest dur-
ing the NAMA's peak, to returning to the southeast as the NAMA weakens, however, is visible at all levels.

To quantify the overall impact of the NAMA circulation on meridional transport, Figure 7 shows the average 
change in latitude from trajectory initiation to outflow for each CIAM as a function of the initial OT time for 
selected isentropes for all outflow (Figure 7a), and subdivided for each outflow region (Figures 7b–7d). Fig-
ure 7a captures the seasonal effect of the NAMA on meridional transport of convective outflow over North 
America. In May and early June, prior to the NAMA's influence, there is little meridional displacement of 
CIAM trajectories (on average 3.3° northward in May). In July and August when the NAMA is strongest, 
however, CIAM trajectories on average move 24.5° northward. Finally, in September as the NAMA weak-
ens, the meridional transport of CIAMs drops to 14.6° northward. These seasonal trends are largely consist-
ent across all levels. The uppermost levels (410–430 K), however, experience greater variability compared 
to lower levels due to the smaller population of CIAMs at these heights (as can be seen in their absence at 
many time steps). Overall, the NAMA circulation results in a large-scale meridional displacement of con-
vective outflow of up to ∼40° northward.

Not surprisingly, the meridional displacement of convective outflow is determined primarily by outflow 
region (Figures 7b–7d). For CIAMs exiting the northeast outflow region, the average northward change 
in latitude is 26.3° (Figure 7d). This is a direct result of the interaction between where cross-tropopause 
convection occurs, that is, the initial OT locations, and where the CIAMs are carried via the NAMA. This 
northward transport is only slightly offset by southward transport in the southwest outflow region with an 
average southward change in latitude of 6.9° (Figure 7b). Outflow in the southeast outflow region experi-
ences little change in latitude with an average northward change in latitude of 4.2° (Figure 7c). The overall 
seasonal change (Figure 7a) is not as visible in the regionally subdivided outflow because the influence of 
the NAMA changes the proportion of CIAM outflow occurring in each region (as seen in Figure 6), not the 
magnitude of meridional transport occurring at each region. Evidence of the seasonal trend manifests as the 
absence of consistent outflow in the northeast and southwest regions before the NAMA develops, and as the 
decrease in consistent outflow in the southeast region during the height of the NAMA.

Cross-tropopause convection that occurs over North America has two distinct regions of eastward out-
flow, one to the north and one to the south, to the global stratosphere over the Atlantic that are depend-
ent on the NAMA circulation. Prior to the development of the NAMA, CIAM outflow is dominated by a 

CLAPP ET AL.

10.1029/2021JD034644

12 of 19



Journal of Geophysical Research: Atmospheres

tropical/sub-tropical southern band, while during the peak of the NAMA circulation CIAM outflow occurs 
in an extratropical northern band.

In order to determine if the NAMA-mediated meridional transport exhibited geographic biases, Figure 8 
shows the average change in latitude from the initiation of the CIAM trajectory to the trajectory outflow 
for all CIAMs included in the study (as defined in the Methods section) binned in a 1° × 1° grid for August 
2013 at 370 and 400 K. This figure illustrates the geographic distribution of meridional transport of CIAMs 
resulting from the NAMA circulation. There is a clear dependence of the magnitude of meridional displace-
ment on the initial latitude of the CIAM with a strong overall northward transport trend. CIAMs initiated at 
lower latitudes experience greater displacement northward (on average 31.4° northward for those initiated 
0°N-25°N) than those initiated in the subtropics (12.3° northward initiated 25°N-35°N) and midlatitudes 
(5.3° northward initiated 35°N-60°N) at 370 K. This is expected given that outflow of NAMA-influenced 
CIAMs occurs in the discrete outflow regions at the fixed latitudes identified earlier (see Figure 5). CIAMs 
caught in the southern edge of the NAMA circulation will experience greater northward transport to the 
northeast outflow region, which dominates outflow at the height of the NAMA (see Figure 6a) than CIAMs 
resulting from cross-tropopause convection in the central US for example.

Transport resulting from outflow in the southwest outflow region (the second significant outflow region 
when the NAMA is active) is visible in the midlatitudes. Southward displacement of a scattering of CIAMs 
initiated over the US (shown in green in Figure 8) is interspersed with northward displacement (shown in 
yellow in Figure 8). Further, differences in meridional transport of CIAMs between 370 and 400 K shows 
the vertical structure of the NAMA. As the center of the NAMA shifts northward at higher altitudes (see 
Figure 1), CIAMs initiated at the same latitude are displaced further north at 400 K than at 370 K. For ex-
ample, CIAM trajectories initiated between 25°N and 35°N are transported on average 14.7° north at 400 K 
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Figure 7.  The seasonal dependence of the meridional transport of CIAMs mediated by the NAMA circulation. Panel 
(a) shows the average total change in latitude between CIAM initiation and outflow for all CIAMs as a function of time 
over all potential temperatures and at 370 and 400 K specifically. Outflow at 370 and 400 K specifically are selected to 
capture “lower” and “upper” level differences without losing clarity within the figure. Panels (b–d) depict the average 
total change in latitude across CIAM trajectories as a function of time for different potential temperatures and averaged 
over all levels for outflow in the southwest, southeast, and northeast outflow regions respectively.
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during August. The distribution of initial NAMA-influenced cross-tropopause convective events visible in 
Figure 8 follows the trends identified in Clapp et al. (2019) in which the tropics are the most significant 
contributor at lower levels while at upper levels convection occurring over the Sierra Madre Occidental and 
the central US dominate.

4.  Conclusions
We identify two distinct outflow regions of CIAMs from the NAMA circulation using a trajectory analysis 
of cross-tropopause convection identified with GOES satellite imagery. The first outflow region is centered 
on the northeastern edge of the NAMA around 45°N and 45°W, and the second is centered on the south-
western edge around 10°N and 145°W. These outflow regions are seasonally dependent, concurrent with 
the development of the NAMA. Prior to the initiation of the NAMA circulation in May and early June, 
little to no CIAM outflow occurs in these regions, while during the height of the NAMA in July and Au-
gust, 91.1% of all CIAMs outflow in these regions on average. Geographically static NAMA outflow regions 
result in significant meridional transport of CIAMs. In July and August, the average CIAM is transported 
30.9°N in the northeast outflow region and 7.6°S in the southwest outflow region. Because more CIAMs are 
transported through the northeast outflow region, the average net meridional transport of CIAMs by the 
NAMA circulation is 22.0°N in July and August. This meridional transport is largely altitude independent, 
although the majority of outflow occurs at lower levels as expected given the altitude distribution of initial 
cross-tropopause convection.

This development of two primary outflow regions from the NAMA (northeast and southwest) is similar 
to the two eastern and western horizontal transport pathways from the Asian monsoon to the global strat-
osphere resulting from eddy shedding (e.g. , Fadnavis et al., 2018; Garny & Randel, 2016; Vogel, Günther, 
Müller, Grooß, Afchine, et al., 2016). Moreover, Vogel, Günther, Müller, Grooß, Afchine, et al. (2016) also 
found a north-south bias in outflow from the Asian monsoon anticyclone (AMA) such that the eastward 
transport occurred along the northern edge of the monsoon circulation and the westward transport occurred 
along the southern edge. The position of the northeastern outflow from the AMA was also determined by 
the boundary between the monsoon anticyclone and the subtropical jet (Vogel, Günther, Müller, Grooß, 
Afchine, et al., 2016). Future work should probe these similarities in transport and outflow from upper level 
monsoon anticyclones, including an investigation into how the relative intermittency and weakness of the 
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Figure 8.  The geographic dependence of meridional transport of CIAMs during the month of August. The latitude 
displacements for all CIAMs initiated within each 1° × 1° bin throughout the month are averaged together such that 
the color contour indicates the average change in latitude a CIAM originating from that geographic position would 
encounter. The left panel shows the values for CIAMs at 370 K and the right panel for CIAMs at 400 K.
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NAMA compared to the AMA influences the structure of outflow, especially with regards to the episodic 
nature of NAMA outflow.

In our analysis, we chose a study region representative of the NAMA that was larger than the instantaneous 
geographic extent of the NAMA (as defined by a closed contour of the Montgomery streamfunction at any 
given potential temperature level) to account for the instability of the NAMA in both position and strength. 
Using a larger representative region ensured consideration of all CIAMs likely influenced by the anticyclon-
ic circulation. The seasonal differences in the advection and outflow of CIAMs reveal the shift from a largely 
westerly zonal flow in the ULTS to a UTLS influenced by the NAMA. The circulation of all CIAMs within 
the study region, however, cannot be solely attributed to the effects of the NAMA given its variability. Fur-
ther, our analysis is limited to 2013 and therefore does not capture potential interannual variability present 
in both the distribution and frequency of cross-tropopause convection and the position and strength of the 
NAMA. Conclusions drawn from one year of data are also susceptible to extreme events within the highly 
episodic NAMA outflow, which could introduce atypical trends that are not consistent interannually. Ex-
panding the analysis to include additional years would allow for an investigation of interannual variability, 
an improvement of regional definitions, and an examination of the episodic nature of NAMA outflow seen 
in 2013 to determine if it is a regular feature and identify its cause. Similarly, extending the analysis through 
October would allow for an evaluation of the dissipation of the NAMA.

Previous work has studied the importance of vertical transport and subsequent meridional advection of air 
masses within the summer monsoon regions in the northern hemisphere. This research has demonstrated 
the role of the summer monsoons in moistening the global lower stratosphere (Nützel et al., 2019; Ploeger, 
Günther, et al., 2013; Poshyvailo et al., 2018) as well as transporting other trace species and pollution into 
the stratosphere (Ploeger, Konopka, et al., 2017). While these studies conclude that the Asian monsoon's in-
fluence on the lower stratosphere is much more significant than the North American monsoon's influence, 
they do not consider the influence of cross-tropopause convection. Further, though they accurately recreate 
the water vapor maximum over the Asian monsoon, they do not capture the full magnitude or geographic 
distribution of the water vapor maximum over the North American monsoon. This may result from the po-
tential for cross-tropopause convection to contribute as much as 45% of the stratospheric water vapor over 
North America, which has been estimated from HDO observations (Hanisco et al., 2007).

Relative to the Asian monsoon, however, convection over North America more frequently crosses the 
tropopause due to differences in both tropopause height and the altitudes reached by convection (Jensen 
et al., 2020). As a result, the majority of MLS-observed water vapor enhancements over the North America, 
including the North American monsoon, occur above the tropopause, in contrast to the Asian monsoon 
where 90% of high water vapor values occur below the cold-point tropopause, indicating the importance 
of direct convective hydration of the lower stratosphere over North America (Jensen et al., 2020). Further-
more, Yu et al. (2020) find that the boreal summer deep convection occurring over the contiguous US alone, 
as observed by NEXRAD radar, moistens the lower stratosphere over North America by approximately 1 
ppmv.

In this study, we directly address the impact of NAMA-mediated meridional transport on cross-tropopause 
convection. We show that the northward meridional transport of convectively influenced air in the lower 
stratosphere is common within the NAMA using a trajectory analysis applied to a climatology of cross-trop-
opause convection. Further, we have identified the dominant outflow regions of CIAMs that indicate the 
importance of isentropic transport seen in prior studies (Kunz et al., 2015; Pittman et al., 2007). This trans-
port of CIAMs through the NAMA has implications for assessing the impact of cross-tropopause convection 
over North America on the global stratospheric water budget, as well as the transport of tropospheric trace 
gases including VSLS and pollutants from this region that could impact the chemistry and ozone of the low-
er stratosphere globally. In particular, given that the NAMA transports CIAMs on average 22.0° northward, 
cross-tropopause convection occurring over the Sierra Madres and within the southern edge of the NAMA 
should be considered.

This study, however, does not attempt to quantify the effect of cross-tropopause convective transport and 
subsequent meridional advection through the NAMA in part because the GOES data used to construct 
the climatology is sufficient to capture seasonal trends and geographic distributions, but is not a complete 
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budget. As such it is complementary to the work done using NEXRAD-derived GridRad data (Cooney 
et al., 2018; Yu et al., 2020), which provides a more complete record of cross-tropopause convection, but is 
limited in scope to the continental US. Future work seeking to quantify the total influence of all cross-trop-
opause convection occurring within the North American monsoon region on the lower stratosphere must 
consider the effects of the northward meridional transport of convective outflow by the NAMA.
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