
1.  Introduction
Observations and modeling studies have shown that the summer monsoon circulations are effective gate-
ways of tropospheric air into the stratosphere (e.g., Randel et al., 2010; Vogel et al., 2019; Wu et al., 2020). 
Transport via the Asian and North American (NA) monsoons influences the composition of the upper 
troposphere and lower stratosphere (UTLS), which directly impacts the stratospheric chemistry and global 
radiative forcing (Anderson et al., 2017; Luo et al., 2018; Ordóñez et al., 2012; Solomon et al., 2011; Wales 
et al., 2018; Yu et al., 2015). Despite consensus on the pronounced UTLS chemical signals in both Asian and 
NA monsoon regions, the characteristics of monsoon-related troposphere-to-stratosphere transport and the 
underlying dynamics remain topics of active research.

The Asian summer monsoon (ASM)-related transport mainly consists of rapid uplifting from the surface 
to the convective outflow level by deep convections and typhoons, coupled with subsequent ascent and 
horizontal confinement by the large-scale ASM anticyclone in the UTLS (Gettelman and Forster, 2002; Pan 
et al., 2016; Park et al., 2007, 2008, 2009; Vogel et al., 2014). Recently, Wu et al. (2020) examined transport 
pathways linking the surface to the UTLS at 100 hPa using an idealized pulse passive tracer approach to 
reveal the transport dynamics. Fast transport paths were identified over the southern slope of the Tibetan 
Plateau, northern India, and Saudi Arabia with a modal age (the most probable transit time; see details 
in Section 2) of 5–10 days in an average of a large tracer ensemble. They demonstrated that the model-re-
solved vertical ascent controls the transport at 100–150 hPa while convective processes dominate around 
200–300 hPa.

Abstract  Transport pathways from the Northern Hemisphere surface into the North American upper 
troposphere-lower stratosphere (NA UTLS) during summertime are diagnosed from Boundary Impulse 
Response idealized tracers implemented at the Northern Hemisphere surface. In ensemble average, air 
masses enter the NA UTLS region via deep convection above Central America, and then slowly mix into 
the higher latitudes. However, fast transport pathways with a modal age around two weeks are evident in 
some tracer ensembles. For these rapid transport pathways, the tracers first reach the UTLS region over 
the eastern Pacific and the Gulf of Mexico as a result of enhanced deep convection and vertical advection, 
followed by horizontal transport over the United States by a stronger than normal UTLS anticyclone 
circulation.

Plain Language Summary  Efficient pathways connecting surface air to the North American 
upper troposphere and lower stratosphere (NA UTLS) are important as short-lived tropospheric chemical 
species could survive transit into the lower stratosphere and hence affect ozone depletion. Our modeling 
study shows that the fast transport into the NA UTLS region can occur in a small fraction of cases with 
modal age <20 days. For these fast cases, the origin is enhanced deep convection over the eastern Pacific 
and the Gulf of Mexico, rather than locally over the contiguous United States. Deep convection controls 
transport from the boundary layer to 200 hPa, and then enhanced large-scale circulation, as a balanced 
response to the enhanced convection, dominates transport upwards into the UTLS region and toward 
southern United States following the NA monsoon anticyclonic flow.
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The NA UTLS exhibits similarities as well as differences with its Asian counterpart during summer. For 
instance, comparable stratospheric water vapor maxima are observed over both monsoon regions; howev-
er, the isotopic composition differs with enriched δD above North America but not over Asia, indicating 
different underlying thermodynamic processes (Randel et  al.,  2012). Aerosol layers are observed within 
both monsoon anticyclones around 100  hPa, but the vertical extent of the aerosol plume as well as its 
amplitude is much less over North America (Thomason & Vernier, 2013; Yu et al., 2015). Because of the 
very different topography, convection and large-scale circulations in the two regions, it is likely that the 
transport characteristics related to the North American summer monsoon (NASM) behave differently than 
those in Asia. While much progress has been made in understanding transport via the ASM during the past 
decades, studies on transport into the NA UTLS remain comparatively limited. There are several proposed 
mechanisms that may be responsible for the NA UTLS transport. Throughout the year, air gradually as-
cends into the stratosphere from the tropical upper troposphere, and then moves toward higher latitudes 
due to model-resolved horizontal transport (Abalos et al., 2013; Fueglistaler et al., 2004, 2009; Highwood 
& Hoskins, 1998; Vaughan & Timmis, 1998). In July and August, the NA UTLS is dominated by the anticy-
clone near 30°N, 110°W, owing to a Matsuno-Gill type response to the diabatic heating in the tropics and 
subtropics (Gill, 1980; Siu & Bowman, 2019). This large-scale anticyclone plays an important role in con-
finement of chemical species in the NA UTLS (Froyd et al., 2009; Randel et al., 2015; Solomon et al., 2011; 
Thomason & Vernier, 2013; Weinstock et al., 2007; Yu et al., 2015) and in increasing the residence time of 
air over the United States (Koby, 2016). In addition to the NASM convection, i.e., primarily located south of 
30°N, overshooting storms become active in the contiguous United States, primarily over the north-central 
Great Plains, which could bring water vapor and surface pollutants to the UTLS (Cooney et al., 2018; Dess-
ler & Sherwood, 2004; Jensen et al., 2020; Smith et al., 2017; Solomon et al., 2016). However, studies also 
found that a substantial fraction of moist air parcels at 100 hPa in the 20°N–40°N latitudinal range cannot 
be explained by nearby deep convection (Sun & Huang, 2015). Therefore, an investigation of the relative 
contributions due to distinct pathways and their transport timescales into the NA UTLS is needed to inter-
pret observations and to assess and improve the model performance in simulating processes in the UTLS.

In this study, we focus on the most efficient route connecting the Northern Hemisphere (NH) surface and 
the NA UTLS due to its implication for transporting very short-lived (VSL) trace gas pollutants which can 
deplete stratospheric ozone (Hossaini et al., 2015; Levine et al., 2007). Specifically, we aim to address three 
questions: (1) Are there relatively efficient transport pathways from the boundary layer into the NA UTLS 
during summer? (2) What is the timescale for the fast transport? (3) What is the dynamical mechanism? 
To isolate the role of dynamics from other factors such as lower tropospheric chemistry and surface emis-
sions, we apply the idealized pulse passive tracer approach (to be discussed later) and use the same model 
experiment as in Wu et al. (2020). The numerical model experiment and diagnostics will be described in the 
following section.

2.  Methods
We apply the “Boundary Impulse Response (BIR)," or known as the pulse tracer approach to diagnose 
transport characteristics linking the NH surface to the NA UTLS. This approach has been commonly used 
to study the atmospheric transport (Orbe et al., 2012, 2013, 2016). Specifically, the BIR of a location contains 
information on the distribution of times since a pulse of passive tracer last contacted the NH surface. The 
Green’s function or distribution of transit times captures all possible pathways connecting the source region 
and the receptor surface, and allows us to identify the most efficient route. The modal age is defined as the 
mode of Green’s function, or the peak time of the tracer evolution. The diagnostics are performed with the 
Whole Atmosphere Community Climate Model version 5 (WACCM5) in atmosphere-only mode. The model 
resolution is 0.95° latitude × 1.25° longitude (∼100 km) with 110 pressure layers (∼0.5 km spacing above 
the boundary layer and in the lower stratosphere). Hereafter, we refer to this model as WACCM5-L110. 
Deep convection is treated by Zhang and McFarlane (1995) with improved convective momentum transport 
(Richter & Rasch, 2008; Tilmes et al., 2016) and shallow convection is treated as described by Park and 
Bretherton (2009). WACCM5-L110 includes a number of improvements to standard WACCM configuration 
with 70 vertical levels. Wang et al. (2018) reported that simulations by this model agree well with reanalysis 
data and observations with regard to the wind and temperature climatologies as well as stratospheric water 
vapor distribution. Further information on WACCM5-L110 is summarized in Garcia and Richter (2019).
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Our tracer implementation is identical to that presented in Wu et al. (2020). Specifically, the pulse tracer is 
released at the boundary layer over the entire NH with concentration being set to 1 mol/mol only during the 
first day. The passive tracer has no specific sources/sinks or chemical reactions in the atmosphere interior. 
Its concentration is set to zero whenever the tracer is in contact with the surface again after its release. The 
transport of tracer is driven by both resolved and parameterized processes in the model. For each summer 
(July and August), we implement 10 tracers and release them on different days, i.e., on 3, 10, 17, 24, and 31 
July and 3, 10, 17, 24, and 31 August, respectively, to explicitly assess how the transport properties vary with 
synoptic variability of the monsoonal system. We examine statistics from 90 tracers, i.e., nine-year simula-
tions including 1981–1987, 1989, and 1990. The model is integrated from January 1981 to December 1994 
with prescribed sea surface temperatures and sea ice.

What processes account for the fast transport from the NH surface to the NA UTLS? To evaluate this, we 
turn to the tracer budget as follows:
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with Tx the tracer concentration, corresponding to the mass fraction of air that had last contact with NH 
surface at any time in the past, TATx, VDTx, TCOND_Tx, and TCONS_Tx the transport tendency due to 
the resolved dynamics, vertical diffusion, deep convection, and shallow convection, respectively, which are 
calculated by the model and saved at daily time step. Tracer budget analysis allows us to separate different 
transport processes and assess the influence of each component explicitly. The resolved dynamics term can 
be further decomposed into horizontal and vertical advection components as follows:
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where u, v, and ω denote the zonal velocity, meridional velocity, and vertical velocity in pressure coordi-
nates, respectively. p denotes the pressure value. a is the radius of the Earth. ϕ and λ are the latitude and 
longitude, respectively.

3.  Results
To characterize the transport timescales from the surface into the NA UTLS, we analyze the daily evolution 
of the 90 tracers averaged over the box defined by 10°N–40°N and 140°W–60°W at 110 hPa (see Figure 1a). 
The tropopause height is typically located above 150 hPa over the NASM region during July and August 
months (see Figure S1), thus pressure level of 110 hPa is in the lower stratosphere. The boxed region is the 
same as that in Randel et al. (2015), where maxima in UTLS water vapor are observed. The modal ages in 
Figure 1a, corresponding to the peak values of each BIR Green’s function averaged over the boxed area, ex-
hibit a widespread distribution (see also Figure S2), resulting from a variety of transport pathways. Transit 
along some paths takes >2 months (66 days), while along others it occurs within 3 days. Sorting the modal 
times of each BIR over the boxed area allows us to categorize the “normal” ensemble where the modal 
age falls between the 10th and 90th percentile (23–55 days). The black curve is the average of the normal 
ensembles, peaking on day 40 and decaying slowly. Accordingly, Figure 1b shows the composited modal 
age distribution for these normal ensembles at 110 hPa. The fastest modal times in Figure 1b occur above 
Central America, equatorial Pacific, and Atlantic Ocean, on a modal timescale of 14–21 days. The transport 
timescale gradually increases toward higher latitudes due to the quasi-horizontal eddy transport by the 
North American anticyclone (Abalos et al., 2013). In general, transport to the UTLS in the vicinity of the 
NASM is slower than that of the ASM, largely related to the weaker monsoon strength and lower altitude 
range of the anticyclone compared to its Asian counterpart (Nützel et al., 2019; Yan et al., 2019). Blue lines 
in Figure 1a highlight the fast ensemble members whose model age falls below the 10th percentile, with an 
ensemble mean modal age of 17 days. Figure 1c shows the composited modal age distribution for the fast 
ensembles at 110 hPa. The fastest transport pathway shifts northward to 20°N and occurs above the eastern 
Pacific and the Gulf of Mexico, with a regional modal age of 14 days. Analysis at 100 hPa yields similar 
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conclusions on the transport paths and timescales (not shown). However, the composited features of the 
fast ensembles at 100 hPa are dominated by three extreme cases. Though results are statistically significant 
at the 95% confidence level using bootstrap method, we are concerned about the small sample size. There-
fore, we choose to present results at 110 hPa pressure level.

We now examine the day-to-day evolution of the fast ensembles compared to the normal ensembles by 
evaluating the average BIR during different periods, i.e., over 1–2, 3–5, 6–8, and 9–14 days after the first day 
of tracer release. Figure 2 displays the ensemble mean tracer concentration differences between the fast 
and normal cases at 110 hPa, at 25°N, and in zonal mean between 140°W and 60°W. During days 1–2, very 
rapid and strong uplift of tracers into the NA UTLS region occurs preferentially over the Gulf of Mexico 
and the eastern Pacific. During days 3–5, a substantial increase is seen above northwest Mexico. In addition 
to vertical transport by deep plumes near 90°W, 20°N, horizontal advection can be seen in both zonal and 
meridional directions. Tracers are transported westward and equatorward, especially in the upper tropo-
sphere. During days 6–8, tracers are advected northeastward and maximize above the subtropical eastern 
Pacific and the Gulf of California. During days 9–14, tracers are separated from the tropics, and are confined 
above the southern United States. However, for normal ensembles, there is nearly indistinguishable tracer 
enhancement above the North American Southwest. The vast majority of tracers arrives at the UTLS in the 
Western Hemisphere near 10°N, especially above northern Africa.

Tracer budget analyses are used to examine the contributions from individual processes following Equa-
tion 1 averaged over the boxed region 10°N–40°N and 140°W–60°W. To obtain a general picture, we calcu-
late and plot the vertical profiles of the relative contribution of each term using the average of 90 BIR tracers 
during the first week (see Figure S3). In fact, calculations composited for the fast and normal ensembles 
yield profiles with comparable amplitude peaks throughout the atmosphere (not shown). The transport 
tendency in the mid-to-upper troposphere, especially from 400 to 300 hPa, is largely attributed to the nearby 
deep convection, and partly by the resolved dynamics. The shallow convection-driven and vertical diffu-
sion-driven transport processes are relatively weaker. Above 300 hPa, the contribution due to deep convec-
tion decreases rapidly with altitudes where the resolved dynamics-driven transport takes over, together with 
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Figure 1.  (a) Gray lines plot tracer mixing ratio evolution averaged over 10°N–40°N and 140°W–60°W (black-boxed region on the right) at 110 hPa as a 
function of elapsed time. Blue lines indicate the fast transport ensembles with modal ages below the 10th percentile, and the thick blue line is their mean. The 
thick black line is the mean of normal tracer ensemble whose modal age falls between the 10th and 90th percentile. (b) The averaged modal ages of normal 
ensemble. Similarly, (c) the averaged modal ages of fast tracer ensemble represented by blue lines in (a). Gray and white contours highlight 14 and 21 days of 
modal age, respectively.
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a small contribution from vertical diffusion. The Costa Rica Aura Validation Experiment campaign has ob-
served a sharp drop in aerosol composition at 200 hPa, which is linked to the abrupt decrease of convective 
influence (Froyd et al., 2009). Coherent behaviors are also seen in another artificial tracer study based on 
e90 [Figure 11c in Abalos et al. (2017)]. Overall, both deep convection and resolved dynamics play princi-
pal roles in transport into the NA UTLS region, consistent with the processes of its Asian counterpart (Wu 
et al., 2020). More precisely, while deep convection determines the gradient of tracer concentrations at the 
bottom of the UTLS with transport times of several hours to 1–2 days in WACCM5, the resolved large-scale 
circulation governs the transport further upward with typical transport times of several weeks.

The leading mechanisms responsible for the fast transport into the NA UTLS are evaluated by contrast-
ing to conditions of the normal ensembles. Because the difference in area-averaged convective transport 
(TCOND_Tx) is most pronounced at 200 hPa during the first 2 days (not shown), we first show the horizon-
tal distribution of the composited 200 hPa TCOND_Tx for the fast ensembles, normal ensembles, and their 
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Figure 2.  Color shadings are tracer evolution differences between the fast and the normal ensemble at 110 hPa (left column), the vertical-longitudinal cross 
sections at 25°N (middle column), and the vertical-latitudinal cross-sections averaged between 140°W and 60°W (right column) during days 1–2 (first row), 
days 3–5 (second row), days 6–8 (third row), and days 9–14 (fourth row). The units are mol/mol. Black contours in the left column denote the averaged tracer 
concentrations of the normal ensembles while denote the zero contour lines in the middle and right columns.
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differences, respectively, in the left column of Figure 3. For normal ensembles, the deep convection-driven 
transport tendency shows a localized maximum between 0°N and 10°N, consistent with the observed heav-
iest precipitation in tropical Central America and the northern part of South America (Randel et al., 2015; 
Siu & Bowman, 2019). In contrast to the climatological maxima of tracer transport in the tropics, stronger 
positive tendency due to deep convection is found north of 15°N in the fast ensembles, clustering around 
the Gulf of Mexico, northwestern Mexico (i.e., Sierra Madre Occidental), and southern Mexico (i.e., south-
west slope of Sierra Madre del Sur). Meanwhile, there is anomalously weak transport tendency along the 
Great Plains in the fast ensembles compared to the normal. The convection driven transport tendency at 
200 hPa becomes weak and statistically insignificant from the third day onward (not shown). In addition, 
we also examine the convective mass flux from Zhang-McFarlane (ZM) scheme, which is the direct measure 
of convective transport, to confirm our findings. Coherent patterns of convective mass flux around 200 hPa 
are evident on the right column of Figure 3, i.e., the large positive transport tendency is collocated with 
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Figure 3.  Left panels show deep convection-driven transport tendency at 200 hPa for the fast ensembles (top row), the normal ensembles (middle row), and 
their difference (bottom row) in days 1–2. Right panels show the composited convective mass flux from Zhang-McFarlane (ZM) scheme (kg/m2/day) at 207 hPa 
for the fast ensembles (top row), the normal ensembles (middle row), and their difference (bottom row) in days 1–2. The hatching denotes the region where the 
differences are not statistically significant at the 95% confidence level using the bootstrap method.
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stronger convection over the Gulf of Mexico and the eastern Pacific. Vertical cross section of the composited 
convective mass flux averaged between 140°W and 60°W (Figure S4) shows intensified convection ranging 
from 20°N to 30°N whereas weaker convection over the US continent from 30°N to 45°N during the fast 
transport.

Evolution of the resolved dynamics-driven transport at 110 hPa is highlighted in Figure 4, comparing the 
fast and normal ensembles. For days 1–2, strong transport tendency occurs above the Gulf of Mexico and 
the west coast of Mexico, collocated with increased tracer concentration at 110 hPa in Figure 2. During days 
3–5 westward movement of the tracers increases tendencies over the subtropical Pacific Ocean, linked to 
anomalously strong UTLS anticyclonic circulation. This behavior continues over days 6–8, contributing to 
tracer increases along the eastern Pacific at 30°N and reaching the southwestern US continent, which is in 
agreement with the northward shift of the tracer concentration (Figure 2). Over days 9–11, widespread pos-
itive tendency occurs above the southeastern US continent and Mexico. In comparison, the tracer tendency 
due to resolved circulation for the normal ensembles is much weaker in the subtropics during the first 
2 weeks (Figure 4, middle row). The bottom panel of Figure 4 shows the TATx difference between the top 
and middle panels and the superimposed vectors are the associated horizontal wind difference. The differ-
ences highlight a persistent anomalous anticyclonic circulation over the southern US continent during the 
first 2 weeks, consistent with the horizontal tracer transport over the US. This is an important component of 
the systematic fast transport pathways ending over the continental US. We further decompose the resolved 
dynamics term related to the fast transport into vertical and horizontal components following Equation 2 
(see Figure S5). During the first 2 weeks, persistent positive transport tendency due to the vertical advec-
tion appears above the Gulf of Mexico and the eastern Pacific, constantly uplifting the tracers to 110 hPa 
via these regions. But this is largely compensated by negative contribution due to the horizontal advection, 
which transports the tracers toward the continental US via the intensified upper-level anticyclone.

To summarize the mechanism resulting in the fast transport, Figure 5 shows the vertical structure of com-
posite differences between the fast and normal ensembles for temperature, meridional wind, and vertical 
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Figure 4.  Resolved dynamics-driven transport tendency at 110 hPa for the fast ensembles (first row), the normal ensembles (second row), and their differences 
(third row) in days 1–2 (first column), days 3–5 (second column), days 6–8 (third column), and days 9–11 (fourth column). The vectors in the third row are 
horizontal wind differences between the fast and the normal ensembles. The hatching is the same as in Figure 3.
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motion averaged over the latitudinal band of 10°N to 40°N. The latent 
heat released by the stronger than normal convection in 20°N–30°N lat-
itudes (i.e., the Gulf of Mexico and the eastern Pacific; Figure 3) leads to 
an intensified upward transport extending into the UTLS region and a 
warm anomaly in the tropospheric column. In response to the stronger 
convective forcing, the upper-level anticyclonic circulation is strength-
ened above the southern US. The strong ascent (descent) is coupled with 
increased northerly (southerly) in the UTLS via Sverdrup balance; i.e., 
βv ≈ f (∂ω/∂p), where f is the Coriolis parameter and β is its meridional 
gradient (Garny & Randel,  2013; Gill,  1980; Siu & Bowman,  2019; Wu 
& Shaw, 2016). The net effect is that tracers are efficiently advected up-
ward and then are confined and circulated by the intensified anticyclone 
caused by stronger and northward displaced convection.

4.  Conclusion
In this study, we employ the pulse passive tracer approach implement-
ed in WACCM5-L110 to study transport processes connecting the NH 
boundary layer to the NA UTLS during summer months. Understanding 
transport paths and associated transit times are important in interpreting 
and modeling the behavior of chemical species in the UTLS. We focus 
on the fast pathway due to its potential for uplifting VSL ozone depleting 
substances into the lower stratosphere (e.g., Luo et  al.,  2018; Ordóñez 
et  al.,  2012; Wales et  al.,  2018). In addition, we explicitly evaluate the 
budget of the pulse tracers to investigate the leading mechanism for the 
fast transport.

Previous studies have documented two important transport pathways to the NA UTLS (Abalos et al., 2013; 
Fueglistaler et al., 2009; Jensen et al., 2020; Smith et al., 2017). The primary but slow path occurs via the 
tropical upper troposphere associated with the large-scale Brewer-Dobson circulation, followed by ascent 
into the stratosphere and progressing poleward toward higher latitudes. Our study shows that the climato-
logical strongest convection and vertical transport occurs over central America, and once the tracer is lifted 
to the upper troposphere it is advected westward to the eastern tropical Pacific. The transport to the US is via 
a relatively slow diffusive process with a modal age of 40 days. Another proposed direct and rapid transport 
pathway involves overshooting convection over the north-central Great Plains. Despite possible biases in 
the representation of convection in WACCM5, we evaluate its simulation of tropopause overshooting con-
vection (see Figure S6) against observations. We find a similar spatial distribution of overshoots to observa-
tions with a frequency of one event within most grid boxes per decade north of 35°N during July and August 
(Cooney et al., 2018), despite the differences in the time period and horizontal resolution between the mod-
el simulation and observations. However, the overshooting convection does not contribute substantially to 
the UTLS tracer budget compared to the resolved circulation in these results. In this study, we find that the 
fast path to the NA UTLS occurs via strong convection and large-scale ascent over the Gulf of Mexico and 
the eastern Pacific at 15°N–20°N and horizontal advection by the upper-level anticyclone to the US, rather 
than locally over the contiguous United States. The pathway occurs on a mean modal age of about 17 days, 
possibly allowing transport of VSL halocarbons of oceanic origin into the NA UTLS. Although the overall 
transport in the vicinity of the NA monsoon is slow compared to its Asian counterpart whose modal age is 
about 5–20 days during July and August, largely due to its weaker convection and large-scale ascent, we find 
that the resolved dynamics plays a critical role in tracer transport in the UTLS over both monsoon regions 
(Wu et al., 2020). However, we note that these conclusions could possibly depend on the model resolution 
and the treatment of convection within WACCM5-L110.

Overall, our results demonstrate the importance of interaction between deep convection and resolved dy-
namics in rapid uplifting of the tracer into the NA UTLS region and have important implications for under-
standing the chemical constituents in NA UTLS. Future work will explore the sensitivity of these results to 
model’s representation of convection.
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Figure 5.  The composited differences between the fast and the normal 
ensemble for temperature (K, shaded), meridional winds (in contour with 
1 m/s interval), and vertical velocities ω (hPa/day, in arrow). Variables 
are averaged between 10°N and 40°N during days 1–14. Regions where 
temperature differences are not significant at the 95% level using the 
bootstrap method are shaded white.
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