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Abstract The dynamical environment of the stratosphere, during the summer over North America, provides
a natural integrator of the impact of convection in the lower stratosphere, as air can be confined for periods of a
few days to more than a week. In situ data obtained during the NASA Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) field campaign show increasing water vapor mixing ratios in background air as a
function of time the air parcel spent within the North American Monsoon Anticyclone region. We find that
water vapor added to the stratosphere by convection decreases with altitude and tends to drop below detectable
limits by the 415 K isentrope in 2021 and the 430 K isentrope in 2022. Integrating between potential
temperatures of 380 and 460 K we find that convection added between 20 and 32 Tg per summer to the
stratosphere in 2021 and 2022. While the total amount is only 1%—4% of the amount ascending in the tropics
across the tropical tropopause, small changes in the annual flux of water can have a significant effect on the
radiation budget of the atmosphere. Locally, over North America we find that convection increased the water
vapor mixing ratio at 380 K by as much as 40%. Tropopause-penetrating convection is part of the yearly cycle of
stratospheric water vapor and we suggest that it must be included in extratropical models to accurately predict
future trends in stratospheric water vapor.

Plain Language Summary Water vapor in the stratosphere is important for regulating Earth's
climate and also influences the amount of ozone in the stratosphere. Most air rises into the stratosphere through
the tropical tropopause where the excess water freezes out leaving very dry air. But air and water can also be
injected into the stratosphere via strong convective storm systems. During the summer months, strong storms
over the Sierra Madre Occidental and the central United States are known to produce many overshoots that can
be seen with radar and satellite. A recent NASA airborne campaign called Dynamics and Chemistry of the
Summer Stratosphere (DCOTSS) aimed to study this region. The aircraft was equipped with 12 different sensors
measuring gases, aerosols, and meteorological variables. We use these measurements to look at the cumulative
effect these storms have on the background air in the stratosphere and specifically calculate the amount of water
vapor added by convection as a function of altitude above the tropopause. We find that water added by storms
over North America is 1%—4% of the total amount ascending in the tropics. Over North America convection may
account for as much as a 40% increase in lower stratospheric water vapor.

1. Introduction

Water vapor in the stratosphere plays an important role in regulating the radiative budget of Earth's atmosphere by
cooling the stratosphere and heating the troposphere (Forster & Shine, 1999; S. Solomon et al., 2010). Dessler
et al. (2013) showed that water vapor can act as a positive feedback on the climate system as warming at the
surface will increase the water vapor capacity of the atmosphere and may increase water vapor in the stratosphere
through changes in tropical tropopause temperatures and poleward transport into the extratropical stratosphere.
The magnitude of this feedback will depend on how tropical tropopause temperatures change and the role that
convection now plays and might play in the future, which is one of the topics explored in this paper. Water vapor
also is important in determining ozone concentrations, as it is the primary source of HO, in the stratosphere
(Hanisco et al., 2000; Stenke & Grewe, 2005). Water vapor concentrations along with temperature and sulfate
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aerosol loading set the threshold for catalytic destruction of ozone, and it has been suggested that future climates
may have the necessary conditions for this to occur at mid-latitudes due to convective enhancements in water
vapor (Anderson & Clapp, 2018; Anderson et al., 2012).

Most of the variance in stratospheric humidity has long been shown to be controlled by the very cold temperatures
of the tropical tropopause (Holton & Gettelman, 2001; Randel & Park, 2019). Air rising from the surface in the
tropics is lifted up and enters the stratosphere through the tropical tropopause and from there circulates throughout
the globe via the Brewer-Dobson circulation (Brewer, 1949; Holton et al., 1995). As the air rises through the
troposphere it cools, and the vapor condenses and sediments out, leaving a water vapor mixing ratio equal to the
saturation mixing ratio of the coldest temperature the air parcel experienced, assuming the vapor is limited to
100% relative humidity (Fueglistaler et al., 2009). Water vapor mixing ratios may also exceed the saturation
mixing ratio, as is often the case in the tropical tropopause region, which would increase the humidity of the
stratosphere (Jensen et al., 2013; Rollins et al., 2016). However, there is evidence from in situ measurements of
water vapor and its isotopologues (e.g., Dessler & Sherwood, 2003; Johnson et al., 1998; Lee et al., 2019) that
deep tropical convection may also contribute water in the form of ice to the tropical lower stratosphere that can
bypass the coldest temperatures (Corti et al., 2008). Regional and global climate models that incorporate con-
vection show tropical convection may be an important parameter in accurately reproducing the water vapor
mixing ratios of the stratosphere especially in future climate change sceneries (Dauhut & Hohenegger, 2022;J. W.
Smith et al., 2022) and necessary to reproduce water isotopologue ratios in the lower stratosphere (Dessler
et al., 2007; Sayres et al., 2010).

Tropopause penetrating convection has been studied extensively in the tropics with both field campaigns and
modeling studies (e.g., Bolot & Fueglistaler, 2021; Corti et al., 2008; Danielsen, 1993; DeMott & Randall, 2004;
Dessler et al., 2007; Dessler & Sherwood, 2003; Gettelman et al., 2002; Jensen et al., 2004; Jensen & Pfis-
ter, 2004; Lee et al., 2019; Sayres et al., 2010). However, in situ studies over North America (e.g., Homeyer
etal., 2014; J. B. Smith et al., 2017) and Europe (e.g., Khordakova et al., 2022) have only occasionally attempted
to transect the outflow of a deep convective plume. For example, the NASA Studies of Emissions, Atmospheric
Composition, Clouds and Climate Coupling by Regional Surveys (SEAC*RS) campaign spent the summer of
2013 making in situ observations from a high altitude aircraft over the United States, but only once attempted to
intersect a convective plume. The case study showed that a single convective storm reached 4 km above the local
tropopause and irreversibly deposited between 6.6 and 13.5 ktons of water into the stratosphere (Cooney
et al., 2018; J. B. Smith et al., 2017). The reason extratropical convection is of interest is that it bypasses the cold
tropical tropopause and can locally increase water vapor above what would be expected based on tropical
tropopause temperatures. Homeyer and Bowman (2021) used gridded observations from the operational ground-
based radar network (GridRad) over the United States to show that tropopause penetrating convection occurs
routinely from mid-April to the end of August, though the radar alone does not quantify the amount of water
deposited into the stratosphere. Radar observations and in situ measurements show convection reaching several
kilometers above the local tropopause and into the overworld stratosphere (Cooney et al., 2018; D. L. Solomon
etal.,2016; J. B. Smith et al., 2017). However, questions remain on the importance of convection to the chemical
and dynamical environment of the stratosphere both over North America and more generally to the northern
hemisphere (Dessler & Sherwood, 2004; Homeyer & Bowman, 2021; Sun & Huang, 2015).

There is evidence from satellite observations that the upper troposphere and lower stratosphere (UTLS) over
North America in summer routinely has elevated water vapor compared to the surrounding air (e.g., Park
etal., 2021; Randel et al., 2012; Schwartz et al., 2013; Sun & Huang, 2015; Yu et al., 2020). While for some years
areas over the Asian Monsoon region, the Amazon, and parts of Africa also stand out, when averaged over several
years North America, particularly the United States and northern Mexico, is clearly a hot spot for elevated water
in the stratosphere. Dessler and Sherwood (2004) used a simple isentropic model to estimate convective influence
and found that convection could increase extratropical water vapor at 380 K by up to 40%. Hanisco et al. (2007)
used in situ measurements of water isotopologues to estimate the convective contribution to lower stratospheric
water over the United States and found that between 18% and 45% may be attributable to ice lofted by convection.

In this paper we test the hypothesis that the observed “hot spot” in water vapor over North America may be due to
repeated convective events adding water vapor and water from sublimated ice to the same air mass. The recent
Dynamics and Chemistry of the Summer Stratosphere (DCOTSS) campaign was a NASA mission that sampled
the UTLS over the United States during the summers of 2021 and 2022. This campaign provided an

SAYRES ET AL.

20f 12

85UBO1 SUOWILIOD SIS0 9[edt(dde 8Ly Aq pauenob e Sao1Le O ‘SN J0 S9N 1o AR 1T 8UIUO AB]IAA UO (SUONIPUOD-PUE-SLIBY WD A8 | M A.q 1 BUl|uO//Sd1y) SUONIPUOD PUe SWIS | U1 89S * [7202/0T/7T] U0 ARigi8uliuo A|iM ‘PeuLeH 913 sairelq) AISIAIIN INBY Sexe L Ad THTYOAryZ0z/620T OT/10p/wod A |1 AkeiqijeutuosgndnBey/sdny wol pepeojumoq ‘2T ‘v202 ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20241D041641

unprecedented data set with far more in situ observations in air recently impacted by convection than all previous
campaigns combined, enabling the present study that was not previously possible. During the summer the North
American Monsoon Anticyclone (NAMA) dominates the UTLS dynamical environment over North America
(Chang et al., 2021). While the location and strength of the NAMA varies over the summer and from year to year,
the anticyclonic flow tends to confine air over the United States for a period of days to more than a week (Chang
et al., 2023; Clapp et al., 2019). Using the idea that the NAMA can act as a natural integrator of convective
detrainment, we use the in situ data obtained over North America during DCOTSS to quantify the convective
contribution to stratospheric water vapor in this region. If the NAMA does act as an integrator, we expect water
vapor to increase as the residence time of a parcel in the NAMA increases. We also explore the rate of increase to
see if it is linear in time and show how the rate of water added changes with altitude. This analysis is based only on
in situ water vapor observations and time spent in the NAMA from trajectory calculations and uses models in the
form of reanalysis assimilations only to provide dynamical and regional context.

2. Methods and Data Used

The NASA DCOTSS flight campaign used NASA's ER-2 high altitude research aircraft to profile and sample the
UTLS over the United States during July and August 2021 and May, June, and early July 2022. Flights were
roughly evenly distributed throughout the sampling period. The payload consisted of 12 instruments measuring a
suite of trace gases, aerosols, and meteorological variables. Flights successfully targeted multiple storms and
sampled both horizontally and vertically through the outflow from both recent and aged convection. Background
air, defined here as air outside the convective outflow region, was also sampled on each flight and some flights
were conducted to survey the latitudinal extent of the NAMA.

We focus here on measurements from the Harvard Water Vapor (HWV) instrument (Sargent et al., 2013) and the
Meteorological Measurement System (MMS) (Scott et al., 1990). Measurements used from MMS (uncertainties
in parenthesis) are pressure (+0.5 hPa), temperature (£0.3 K), GPS altitude (=15 m), and GPS location. Potential
temperature (6) is derived from the pressure and temperature measurements and for the range of altitudes used
here has an accuracy of +0.5 K at 200 hPa to £1.5 K at 50 hPa. The HWV instrument measures water vapor based
on absorption spectroscopy by detecting the absorption of 1.3 ym light from a laser within a multipass Herriott
cell. For the data presented in this paper we use measurements which are archived at 1-s and have a precision of
0.1 ppmv and better than 10% accuracy.

2.1. Background Air Determination

Flight plans during DCOTSS targeted active, recent (<2 days old), and aged (23 days old) convective material as
well as background air. Data from HWV show numerous examples of enhancements in water vapor above the
nominal background stratospheric value (Figure 1). The upper range of the stratospheric background is shown in
the figure as a solid black line (see discussion below for derivation of this line). Water vapor values in excess of
this are from convective detrainment whether sampled during an active storm or later. The number of en-
hancements (plume encounters) far exceeds that from previous missions as these plumes were actively targeted as
part of the flight planning process. Of particular note are the large quantity and amplitude of the plumes above
380 K (i.e., the overworld stratosphere). Water vapor injected above this height has the potential to stay in the
stratosphere longer, mix throughout the mid-latitude stratosphere, and be transported toward the tropics and mix
into the general Brewer-Dobson circulation (Chang et al., 2023; Clapp et al., 2021).

For the analysis presented here, we want to focus on changes in water vapor in background air within the NAMA
region, but our sampling strategy disproportionately sampled moist convective outflow. This has the effect of
biasing the data toward wetter air that is not representative of the stratospheric mean even within the NAMA
region. We use three different methods to exclude air influenced recently by convection in order to evaluate the
cumulative effect of convection on the background or well mixed air in the stratosphere. The goal of trying
different methods is to evaluate the sensitivity of our results to the exclusion method chosen.

The first method, a, is not based on any knowledge of the history of the air parcel, but simply excludes the largest
values of water vapor encountered at a particular altitude, which are assumed to be the sampled plumes. The data
from each summer are binned into 5 K potential temperature (&) bins and the mean and standard deviation (c) of
each bin are calculated. All data over 1-¢ for @ below 420 K and data over 2-¢ for 8 above 420 K are excluded. The
reason for the distinction above and below 420 K is the larger variability in water vapor below 420 K caused by
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Figure 1. Water vapor measured by the Harvard Water Vapor (HWV) instrument aboard NASA's ER-2 during the DCOTSS campaigns of 2021 (July—August) and 2022
(May-July). The aircraft intersected many plumes of water vapor from tropopause overshooting convection during the summer. Both plumes from active and aged
convection were sampled as well as background air. The colors represent the different flights, about 15 each summer, coded by Day of Year (DOY). The plume
encounters are clearly visible as enhancements in water vapor well above the stratospheric background air. Plume encounters reach a potential temperature as high as
460 K. The solid black line in each plot represents the upper range of the background used in the standard deviation method (a) as described in the text.

the large difference in water vapor between background and plume. This process is repeated a second time with
the subset of data, excluding the data above 1- or 2- o depending on altitude (solid black line in Figure 1). The net
effect is the removal of high values of water vapor (assumed to be mostly plume data).

The second method, b, excludes air influenced by active and recent convection based on back trajectory (BT)
analysis and tracer concentrations as defined by Homeyer et al. (2023). Each second of data is flagged as being
either influenced by active, recent, or aged convection, or as being background air. A high value of water vapor
that can not be traced to a specific convective event is considered background air. Data flagged as active or recent
is excluded in method b. The third method, c, is similar to the second, except active, recent, and aged convection
are excluded. These last two methods rely on some level of subjectivity, but do a better job of excluding data that
has been influenced by convection within the prior 3 days and also excluding the edges of plumes.

The size of the vertical bin is an important consideration. Smaller bins give better vertical resolution and will
better resolve changes in convective addition. However, the smaller the size of the bin, the fewer number of data
points used to calculate relationships and therefore the poorer the statistics. Larger bins have more data and
therefore the relationships may be more robust from a statistical point of view, but where the slope of water added
is changing rapidly, a larger bin size will tend to smooth over important atmospheric variations. We have chosen
5 K potential temperature bins as a reasonable compromise based on the amount of data and the observed
variations.

2.2. Back-Trajectory Calculations

Back trajectories are calculated in order to quantify how long an air parcel spent in the NAMA region. Back
trajectories from the ER-2 aircraft location are computed using the 3-dimensional Lagrangian trajectory model,
TRAJ3D (Bowman, 1993; Bowman & Carrie, 2002). Trajectories are initialized at 1 s intervals along the aircraft
flight path and integrated backward in time for 30 days using winds from the European Center for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5 (ERAS) (Hersbach et al., 2020). The horizontal resolution of the
ERAS data used in this study is 0.75° X 0.75°. Three dimensional velocities are defined on unevenly spaced
isentropic surfaces between 320 and 600 K. Horizontal winds are available at hourly synoptic times, while vertical
wind speed is computed from 3-hourly averaged diabatic heating rates. The model timestep size is 10 min. Particle
positions are saved at hourly intervals. Parcels that move vertically below 320 K or above 600 K are no longer
tracked.
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Figure 2. Map showing the first 20 days of the diabatic back-trajectories (BTs, colored by days before sampling) for each 1-s
point where the ER-2 was in the € range from 380 to 390 K during summer 2021. BTs are initiated at the measurement
location of the ER-2 (black points) and are color coded by days from origin. The BTs shown are from the entire 2021 summer
campaign; only every 100th back trajectory (BT) is shown for clarity. The red rectangle approximates the NAMA region. For
each 1-s data point, the time in the NAMA is calculated as the difference between the earliest time the BT was in the NAMA
region and the time the data were recorded as described in the text. Also shown are the summer mean Montgomery stream
functions for 2021 (black contours).

3. Results

In order to evaluate the net effect of convection on stratospheric water vapor we first calculate the time that an air
parcel has spent in the NAMA region before being sampled by the instruments. Ideally we would have an even
distribution of times in the NAMA in order to see the change in water vapor. For each one second of data, a
30 days BT is calculated, and time in the NAMA is computed as the difference between the earliest time that the
BT was within the NAMA and the time that the air was sampled by the ER-2. An example of these BTs is shown
in Figure 2 for @ between 380 and 390 K during the DCOTSS flights of 2021. For the calculation of time within
the NAMA we define the NAMA region as between 24° and 46°North and 70°and 140°West (red box in Figure 2)
based on the fully enclosed monthly mean Montgomery stream functions, which define the geostrophic wind on
an isentropic surface (black contour lines Figure 2). If the BT leaves the NAMA region box and returns within
72 hr we still count that time as within the NAMA. This allows for the fact that the NAMA is not a fixed rectangle
in space but also excludes air that circumnavigates the globe and returns to the NAMA region over the course of
30 days. Changing the cutoff for the allowed number of hours the parcel left the NAMA box by up to a day does
not effect the overall results. A time in NAMA is then calculated for each 1 s data sample along the flight track.

Plotting the fraction of back-trajectories initialized in the NAMA region as a function of days within the NAMA
(Figure 3) shows that most parcels sampled by the ER-2 had been in the NAMA region for less than a week, with
some staying in the NAMA region for longer than 20 days. In 2021, 50% of the sampled air parcels had been in the
NAMA for more than 5 days. Similarly, in 2022, 50% of the sampled air parcels had been in the NAMA for more
than 4 days. While the 50th percentile is similar in these two years, the peak of the distribution in 2021 is at 5 days,
while the peak in 2022 is at 2 days. For all the air parcels sampled during DCOTSS within the NAMA region, 10%
of them had been within the NAMA region for more than 18 and 15 days in 2021 and 2022, respectively. These
distributions are dependent upon the time of year the sampling took place as the strength and location of the
NAMA varies over the course of the summer. There is also significant interannual variability. However, as long as
there is a distribution of times spent within the NAMA in order to observe the increase in water vapor, this
variability should not impact the results. These distributions are in good agreement with the climatology presented
in Chang et al. (2023), though the 50th percentile time in the NAMA reported in their work is 2.5 days for May
and August and 3 days for June and July. The shift to shorter residence times is due to a large number of
convective trajectories in their work to the north of the mean NAMA circulation. Air parcels sampled during
DCOTSS tended to be in the central part of the United States where the NAMA circulation is stronger and likely
contribute to the slightly longer mean residence time in the NAMA compared to the climatology. Of course,
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015 individual years will vary from the climatological mean. For example, 2021
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Figure 3. Fraction of trajectories (left axis) originating in the NAMA region
as a function of days in the NAMA for all flight data in 2021 (top) and 2022
(bottom). Cumulative fraction (right axis) shows that 50% of the trajectories
stayed within the NAMA region for more than 5 and 4 days in 2021 and
2022, respectively. Dashed gray lines show the 50th percentile. Solid gray
lines show cumulative number of days in the NAMA for the 90th percentile.

had a fairly strong and persistent NAMA circulation that resulted in the
distribution being shifted to longer residence times.

To evaluate the sensitivity of deriving water added by convection per day to
the choice of plume exclusion method, water vapor data versus time in the
NAMA are linearly fit for all three exclusion methods described in the
Methods sections. Figure 4 shows one potential temperature bin (6 = 380—
385 K) for 2022. This figure highlights the importance of excluding plume
data. Method b that includes aged convection has a slope almost two times
that of method ¢ that excludes aged convection. This is caused by the 2-3 day
old plume (red points in Figure 4) that was sampled and extends up to
16 ppmv. Methods a and ¢ agree well, but method a effectively has an
arbitrary cutoff around 8.5 ppmv. This has the effect of excluding background
air with high values for air parcels that were in the NAMA for a long period of
time and includes edges of plumes, most obvious for air parcels that were in
the NAMA for a short period of time. We employed a number of linear fitting
methods and all fits give nearly the same slope within 10% of each other
[robust multiple linear regression from Matlab (Holland & Welsch, 1977);
Model-2 least squares fit (Isq) minimizing the normal deviates (York, 1966);
Model-2 Isq using geometric mean of slopes (Ricker, 1973)]. While the
distribution of the data appears fairly different for the three exclusion

methods, the actual difference in which data are excluded between the three methods is less than 30% as most of
the data sampled are in background air. All of the other € bins from both years of DCOTSS sampling show similar
results. For the rest of the analysis we use method c that excludes active, recent, and aged convection.

16

DCOTSS 2022: 9 = 380 to 385 K
T T

14 -

Water Vapor (ppmv)

| o Excludes data over 2-std method
Slope = 0.187 ppmv/day

Excludes active and recent convection
Slope = 0.248 ppmv/day B
Excludes active, recent, and aged convection
Slope = 0.129 ppmv/day

5 10 15
Days in NAMA

Figure 4. Water vapor from 2022 between 380 and 385 K as a function of time in the NAMA. Water vapor is filtered to
exclude plume data using three different methods as described in the text. The slope of a linear fit to the data has units of
water vapor mixing ratio per unit time, here expressed as ppmv per day.
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Figure 5. Measured water vapor as a function of days in the NAMA grouped into 5 K potential temperature (6) bins. Each plot represents all DCOTSS data from 1 year in
a 5 K @ range starting from 380 K (bottom plots) to 460 K (top plots). Plume exclusion uses method ¢ that excludes active, recent, and aged convection data. A linear fit

to the data produces a slope that is equal to the average amount of water (in ppmv) added per day (red line). Data from 2021 are shown on the left and data from 2022 are
shown on the right.

To evaluate the impact of convective injection of water as a function of altitude, the data for each year are divided
into 5 K potential temperature bins from 380 to 460 K (Figure 5). Slopes are calculated for each 5 K bin from a
linear fit to the 1 s water vapor mixing ratios in nominally background air and the associated time the air parcel
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Figure 6. Average water vapor added by convection per day as a function of
potential temperature. The water vapor added is the slope of the fits from
Figure 5. Slopes from 2021 to 2022 shown in blue and red, respectively.
Horizontal bars are the 95% confidence intervals.

by convection. This will affect the slope. Higher € bins do not exhibit a trend
with time in the NAMA, have consistent mean mixing ratio, and less vari-
ability, regardless of the amount of time the air parcel was in the NAMA. If
we plotted these data versus calendar day, one would see a trend with time.
These higher altitudes, where we don't expect convection to add water vapor,
but we do expect a seasonal increase, act as a control for the method.

Figure 6 show the slopes plotted as a function of potential temperature including horizontal bars representing the
95% confidence interval for each slope. All the slopes are significant based on the p-value of the regression. Data
from 2021 show that convection added twice the amount of water per day as in 2022 at the lowest altitudes. Both
years the water added per day falls off rapidly, decreasing by a factor of 7 from 380 to 405 K. However, in both
years there is still a small, but positive, slope above 405 K. The slope is indistinguishable from zero above 415 K
in 2021 and 430 K in 2022. This is consistent with the magnitude and altitude of convective plumes observed by
the in situ water vapor measurements (see Figure 1 and Homeyer et al. (2023)).

Water vapor mixing ratio (ppmv) is converted to water vapor mass volume (kg/m?) by using the average pressure
and temperature for air measured within each 5 K bin to derive a mass density. Integrating over altitude yields
mass of water vapor per day per unit area. In order to calculate total kg of water added, the area to sum over is the
area that the convective plumes are mixing into (the dilution area) as they travel in the NAMA region. While the
size of the NAMA is variable, here we use the area defined by a rectangle that circumscribes the largest closed
monthly mean Montgomery stream function contour over North America. An example is shown in Figure 2 for
the summer mean and the red box in Figure 2 is equal to 1.6 X 107 km?. For 2021 we find that the monthly mean
size of the NAMA at 400 K varied between 1.2 X 10" km” and 1.6 x 107 km®. For 2022 the NAMA was stronger
and less variable in size with the monthly mean equal to 1.0 x 107 km? at 400 K. Using these areas, during 2021,
on average between 0.15 and 0.21 Tg of water vapor were added to the NAMA per day in the overworld
stratosphere above 380 K (between 116 and 66 hPa for these data). During 2022, on average 0.13 Tg of water
vapor were added to the NAMA per day above 380 K (between 112-66 hPa).

In order to go from Tg water added per day to Tg water added per summer we need to integrate over the time
period of most active convection. Climatologically, the frequency of overshooting convection peaks from May to
July, but is still high during April and August (Cooney et al., 2018; Homeyer & Bowman, 2021). Measurements
during DCOTSS 2022 were during this peak time, with measurements during DCOTSS 2021 shifted toward the
lower period in August. However, given the similar daily (average) rate of water vapor addition calculated be-
tween 2021 and 2022, we assume the daily rate for each year is roughly consistent over the period of most active
deep convection from April 1 to August 31 (153 days). Integrating over this 153 day period yields 23 to 32 Tg in
summer 2021. Integrating over the summer during 2022 yields 20 Tg. While the frequency of convection varies
over the course of the spring and summer (e.g., Homeyer & Bowman, 2021), the slopes from the data fit here are
already an average over several weeks each summer covering higher and lower periods of convection. It is that
mean that we are applying to the rest of the summer convective period.
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4. Discussion and Conclusions

In this work we examine the impact that convection has on the overworld stratosphere over North America in
summer. The dynamical environment during the summer over North America provides a natural integrator of the
impact of convection on the stratosphere as air is confined for periods of a few days to more than 2 weeks allowing
for the cumulative effect of multiple convective events to be observed above the annual and seasonal variability in
stratospheric water vapor. In situ data, obtained during the NASA DCOTSS field campaign, both within
convective plumes and in background air, offer an unprecedented data set in which to study the effect of extra-
tropical convection on the stratosphere. The analysis presented here is based only on in situ water vapor ob-
servations and time spent in the NAMA derived from trajectory calculations. Models, in the form of reanalysis
assimilations, are only used to provide dynamical and regional context.

Background air, defined as air outside of convective plumes, shows increasing water vapor mixing ratio as a
function of time the air parcel spent within the NAMA region. While the NAMA allows the integrated effect of
convective overshoots to be observed, we note that enhancements in stratospheric water from convection are
independent from the strength or location of the NAMA. Measurements made within the NAMA during DCOTSS
however, give us the ability to see the cumulative effect of convection and determine a robust slope. We find that
water vapor added by convection decreases with altitude and tends to drop below detectable limits by 415 K in
2021 and 430 K in 2022 consistent with the fall off in overshooting frequency seen from radar. Integrating be-
tween 6 of 380 and 460 K we find that convection added between 20 Tg and 32 Tg per summer during 2021 and
2022, though the contribution from @ above 405 K is relatively small. Convection in 2021, at least for the time
period sampled during DCOTSS, added up to 50% more water than convection in 2022. This may represent
interannual variability, but may also reflect climatological differences in depth and frequency of convection
during the times of year that were sampled during 2021 (May, June, and early July) and 2022 (July and August).

Previous studies that looked at convection over North America have limited their conclusions to around the 380 K
isentrope, due to altitude limits of the sampling (in situ) or vertical resolution (remote) and because the increase in
water vapor is greatest in the lower stratosphere. Hanisco et al. (2007) used in situ water vapor isotopologue
measurements over the United States and satellite measurements of the mean tropical water vapor isotopologue
ratio to calculate the net effect of convection. They concluded that 45% of the water vapor over the United States
at 380 K in the summer came from convection. Looking at a variety of likely uncertainties in their assumptions,
they concluded that the number could be as low as 12%. Dessler and Sherwood (2004) used a simple model to
look at the effect of convection on the Northern Hemispheric stratosphere and concluded that convection from the
NAMA and Asian Monsoon Anticyclone (AMA) regions increased water vapor at 380 K by 40% between 30°
North and the pole. Both of these results look at the net effect convection has on the region compared to the air
advected from the tropics. That observed net effect is not only the result of individual convective storms, but also
from the confinement of air by the monsoonal circulation. If we assume the tropical background air entering the
NAMA region to have a water vapor mixing ratio of 4 ppmv, the daily rate calculated here of 0.1-0.3 ppmv/day at
380 K results in a 2.5%—7.5% increase in water vapor at 380 K. As shown in Figure 3, 50% of air parcels were
confined for at least 5 days. Using 5 days as an average, the 5 days increase in water vapor would be 0.5 to 1.5
ppmv or an increase of 12.5%-37.5% at 380 K. This is roughly consistent with the observation of Hanisco
et al. (2007). The upper range of our results are about half of those reported by Dessler and Sherwood (2004), but
Dessler and Sherwood (2004) considered convection throughout the Northern Hemisphere, not just over North
America. These numbers drop as the altitude increases. For example, by 400 K the 5 days increase is 4.5% over
North America.

Another way of understanding the impact of extratropical convection is to compare the amount of water vapor
being injected by convection to the flux of water entering the stratosphere through the tropics via a combination of
slow ascent and convection. Estimates for water vapor flux across the tropical tropopause range from 4.5 to
8.5 Tg/day averaged over a year (Appenzeller et al., 1996; Bolot & Fueglistaler, 2021; Olsen et al., 2004). If we
assume that the tropical flux is evenly distributed between the two hemispheres, the estimates calculated here for
water vapor flux by convection over North America per day is between 3% and 9% of the tropical water vapor flux
per day. From radar and satellite measurements deep convection over North America occurs from April through
the beginning of September. Comparing the summer total flux of water vapor over North America to the yearly
total tropical flux of water vapor, the flux from convection in the NAMA region is between 1% and 4% of the
tropical flux to the Northern Hemisphere. It should be noted that the two sources affect the humidity of the
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stratosphere in different ways. Water vapor entering the tropical lower stratosphere will contribute water vapor to
the entire stratosphere via the Brewer-Dobson circulation. Water vapor added by convection over the NAMA
region will predominantly effect the Northern Hemisphere, extratropical stratosphere.

While the total amount of water vapor from convection is small compared to the total amount ascending in the
tropics across the tropical tropopause, small changes in water vapor concentrations can have a significant effect on
the radiation budget of the atmosphere (Banerjee et al., 2019). For example, radiatively the region of greatest
sensitivity to changes in water vapor is the extratropical lower stratosphere due to the low temperatures at the
tropopause (Dessler et al., 2013; S. Solomon et al., 2010). Water vapor from convection is also part of the yearly
cycle of dynamical processes that determine stratospheric water vapor concentrations and should be included in
models to accurately predict future trends in stratospheric water vapor. Models that only look at tropical
tropopause temperatures will likely underestimate the water vapor in future climates, especially over mid-
latitudes. Note that the amount calculated here is for convection reaching above 380 K potential temperature,
which is above the nominal tropical tropopause. As this moisture is added in the overworld stratosphere, a portion
may be isentropically transported from the south westerly edge of the NAMA into the tropics where it ascends and
is transported throughout the stratosphere via the Brewer-Dobson circulation (Chang et al., 2023; Clapp
et al., 2021), though the quantitiative contribution of this source pathway is unknown.

Data Availability Statement

All data used in this study are publicly available. DCOTSS aircraft data are available from the NASA Atmo-
spheric Sciences Data Center (NASA/LARC/SD/ASDC, 2022). ERAS output was obtained from ECMWF
Climate Data Store (Copernicus Climate Change Service, 2018) as hourly output on pressure levels. The sub-
jective feature identification for convection is available for each flight in a Zenodo repository at (Homeyer, 2024).
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