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Abstract 15 
The NASA ER-2 aircraft sampled the UTLS region over North America during the NASA Studies of Emissions and 16 
Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) field mission. This study 17 
reports three case studies of convectively-influenced air parcels with enhanced water vapor in the overworld 18 
stratosphere over the summertime continental United States. Water vapor mixing ratios greater than 10 ppmv, more 19 
than twice the stratospheric background levels, were measured by the JPL Laser Hygrometer (JLH Mark2) at 20 
pressure levels between 80 and 160 hPa. Through satellite observations and analysis, we make the connection 21 
between these in situ water measurements and overshooting cloud tops. The overshooting tops (OT) are identified 22 
from a SEAC4RS OT detection product based on satellite infrared window channel brightness temperature gradients. 23 
Back trajectory analysis ties enhanced water to OT one to seven days prior to the intercept by the aircraft. The 24 
trajectory paths are dominated by the North American Monsoon (NAM) anticyclonic circulation. This connection 25 
suggests that ice is convectively transported to the overworld stratosphere in OT events and subsequently 26 
sublimated; such events may irreversibly enhance stratospheric water vapor in the summer over Mexico and the 27 
United States. Regional context is provided by water observations from the Aura Microwave Limb Sounder (MLS).  28 
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1. Introduction 35 
Water plays a predominant role in the radiative balance of the Earth’s atmosphere, both in the gas phase as the 36 
Earth’s primary greenhouse gas and in condensed phases in cloud and aerosol. Despite its low abundance, upper 37 
tropospheric and lower stratospheric (UTLS) water vapor is critically important in controlling outgoing long-wave 38 
radiation, and quantifying UTLS water vapor and its controlling processes is critical for climate characterization and 39 
prediction. Climate models are sensitive to changes in stratospheric water (Shindell, 2001) and clouds (Boucher et 40 
al., 2013). Increases in UTLS water are associated with warming at the surface on the decadal scale (Solomon et al., 41 
2010). As the dominant source of hydroxyl radicals, UTLS water also plays an important role in control of UTLS 42 
ozone (Shindell, 2001; Kirk-Davidoff et al., 1999).  43 
 44 
The stratospheric “overworld”, the altitude region with potential temperature q greater than 380 K (Holton et al. 45 
1995), is extremely dry, with typical mixing ratios of 3—6 parts per million by volume (ppmv). The importance of 46 
low temperatures at the tropical tropopause acting as a “cold trap” to prevent tropospheric water from entering the 47 
stratosphere has been recognized since Brewer (1949). Tropospheric air slowly ascends through the tropical 48 
tropopause layer (TTL) as part of the hemispheric-scale Brewer-Dobson circulation. In the TTL, air passes through 49 
extremely cold regions where water vapor condenses in situ to form cirrus ice, and then the cirrus slowly falls due to 50 
sedimentation (e.g., Jensen et al., 2013). Additional condensation and sedimentation are thought to be associated 51 
with convection and large-scale waves (e.g., Voemel et al., 2002). The amount of water that enters the stratosphere 52 
is largely a function of the coldest temperature a parcel trajectory encounters. This typically occurs in the tropics, 53 
and the coldest temperature is typically near the tropical tropopause. The saturation mixing ratio at the cold point 54 
tropopause thereby sets the entry value of water vapor. 55 
 56 
In contrast to water entry into the stratospheric overworld, water transport from the troposphere to the lowermost 57 
stratosphere (q < 380 K) commonly occurs through several different pathways. Poleward of the subtropical jet, 58 
water can be transported into the lowermost stratosphere through isentropic troposphere-stratosphere exchange 59 
(Holton et al., 1995) or through convective overshoot of the local tropopause (Dessler et al., 2007; Hanisco et al., 60 
2007). How important sublimation of ice from convective overshoot is for hydrating the stratosphere is a topic of 61 
ongoing debate (e.g., Randel et al., 2015; Wang, 2003). Case studies have reported extreme events where elevated 62 
water is transported to the overworld stratosphere, but the amount of ice that is irreversibly injected into the 63 
stratosphere is poorly known. Airborne measurements have demonstrated that convective injection occurs both in 64 
the tropics (Webster and Heymsfield, 2003; Corti et al., 2008; Sayres et al., 2010; Sargent et al., 2014) and at mid-65 
latitudes (Hanisco et al., 2007; Anderson et al., 2012). Ice injected directly into the overworld stratosphere bypasses 66 
the TTL cold trap (Ravishankara, 2012). Paraphrasing Bedka et al. (2010), a convective overshooting top (OT) is a 67 
protrusion above a cumulonimbus anvil due to strong updrafts above the equilibrium level. Early observations of OT 68 
include photographs of OT in the stratosphere from a U-2 aircraft (Roach 1967). Recent observations of elevated 69 
water mixing ratios in the summer overworld stratosphere by aircraft (Anderson et al., 2012) and the Aura 70 
Microwave Limb Sounder (MLS) (Schwartz et al., 2013) suggest that ice injection into the overworld stratosphere 71 
by OT, while rare, occurs in three predominant regions during the summer season.  These three regions are the 72 
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Asian Monsoon region, the South American continent, and – the focus of this study - the North American Monsoon 73 
(NAM) region (Schwartz et al., 2013). 74 
 75 
The NASA ER-2 aircraft sampled the summer UTLS in the NAM region during the NASA Studies of Emissions 76 
and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) field mission (Toon 77 
et al., 2016). One of the primary goals of this multi-aircraft mission was to address the question: do deep convective 78 
cloud systems locally inject water vapor and other chemicals into the overworld stratosphere over the continental 79 
United States (CONUS)? It is difficult for space- and ground-based techniques to detect enhanced water vapor 80 
injected into the stratosphere by OT. Satellite measurements are limited in their spatial resolution to detect fine-scale 81 
variations in water vapor, while ground-based measurements are confined to sampling at fixed locations. In contrast, 82 
airborne in situ UTLS measurements of water have an advantage because the aircraft can be routed to a specific 83 
location, altitude, date and time. Modelers can predict whether air parcels are likely to have convective influence, 84 
and aircraft flight paths are planned to intercept those air parcels. The purpose of this paper is to report three new 85 
case studies of enhanced water vapor in the overworld stratosphere during the NASA SEAC4RS field mission, and 86 
to connect these observations to deep convective OT over the North American continent.  87 
 88 
2. Observations 89 
2.1 Aircraft 90 
The airborne in situ water vapor measurements reported here are from the Jet Propulsion Laboratory Laser 91 
Hygrometer Mark2 (JLH Mark2), a tunable laser spectrometer with an open-path cell external to the aircraft 92 
fuselage (May, 1998). Water vapor is reported at 1 Hz (10% accuracy), although the time response of the open-path 93 
cell is much faster than this because the instrument is sampling the free-stream airflow. This instrument has a 94 
redesigned optomechanical structure for greater optical stability, and was first flown in this configuration on the 95 
NASA ER-2 high-altitude aircraft during the SEAC4RS field mission. Pressure and temperature, provided by the 96 
Meteorological Measurement System (MMS) (Scott et al., 1990), are used in the data processing to calculate water 97 
vapor mixing ratios from spectra, as described in May (1998). 98 
 99 
During SEAC4RS, nine aircraft flights targeted air parcels with recent convective influence (see Table 3 of Toon et 100 
al., 2016). Instruments on the NASA ER-2 aircraft indicated that the aircraft intercepted convectively-influenced air. 101 
Both the JLH Mark2 instrument and other water vapor sensors on the ER-2 observed enhanced stratospheric water 102 
vapor above background levels. The largest enhancements were observed on three flights that are described in detail 103 
in Sect. 4. 104 
 105 
2.2 Aura MLS 106 
Aura MLS measures daily global atmospheric profiles of species including water vapor. While the aircraft samples 107 
in situ water in a thin trajectory through the atmosphere, Aura MLS provides a larger scale context. Expanding on 108 
the analysis of Schwartz et al. (2013), Aura MLS observations of stratospheric water vapor are presented here for 109 
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the SEAC4RS time period of summer 2013. Aura MLS H2O has 0.4 ppmv precision at 100 hPa for individual profile 110 
measurements, with spatial representativeness of 200 km along line-of-sight (Schwartz et al., 2013). Results shown 111 
here use MLS version 3.3 data, but are not significantly different when recast with the newer version 4.2. MLS 112 
observations over CONUS are at ~14:10 local time (ascending orbit) and~1:20 local time (descending orbit), with 113 
successive swaths separated by ~1650 km. Vertical resolution of the water vapor product is ~3 km in the UTLS 114 
(Livesey et al., 2013). Aura MLS shows a seasonal maximum in water vapor over CONUS in July and August. 115 
Figure 1 adds the 2013 SEAC4RS time period to the long-term Aura MLS 100-hPa time series from Schwartz et al. 116 
(2013). This figure shows the summertime higher mean H2O as well as extreme outliers mostly during July and 117 
August (shaded gray). The decadal histogram of Figure 2 shows that, in 2013, the CONUS lower stratosphere was 118 
relatively dry compared to the previous multi-year MLS record. Nevertheless, enhanced UTLS water vapor was 119 
observed by MLS in 2013 as rare but detectable events. Figure 3 shows that, out of all MLS 100-hPa water vapor 120 
retrievals over the two-month period July to August 2013, water greater than 8 ppmv was measured only nine times 121 
over North America and four times near Central America.   122 
 123 
3. Analysis 124 
Here we briefly describe the analytical technique used to determine whether back trajectories from the aircraft 125 
location intersect OT as identified by a satellite OT data product. 126 
 127 
3.1 Detection of overshooting tops 128 
In order to link the stratospheric UTLS water vapor encountered by the aircraft to the storm systems that sourced 129 
them, it is necessary to have a comprehensive continental scale catalog of deep convection.  Geostationary 130 
Operational Environmental Satellite (GOES) infrared imagery is used to assemble a catalog of OTs throughout the 131 
U.S. and offshore waters. This catalog was acquired from the NASA LaRC Airborne Science Data From 132 
Atmospheric Composition data archive (http://www-air.larc.nasa.gov/cgi-bin/ArcView/seac4rs). Because OTs are 133 
correlated with storm intensity, the OT product was primarily developed to benefit the aviation community for more 134 
accurate turbulence prediction, as well as the general public for earlier severe storm warnings. However, the product 135 
is also ideally suited for identifying storm systems that can moisten the stratosphere.  136 
 137 
Infrared brightness temperatures are used to detect cloud top temperature anomalies within thunderstorm anvils. OT 138 
candidates are colder than the mean surrounding anvil, with the temperature difference indicative of both the 139 
strength of the convective updraft and the depth of penetration. Additional validation of OTs requires comparison 140 
with the Global Forecast System (GFS) Numerical Weather Prediction (NWP) model tropopause temperature. The 141 
maximum OT cloud height was derived based on knowledge of the 1) OT-anvil temperature difference, 2) the anvil 142 
cloud height based on a match of the anvil mean temperature near to the OT and the GFS NWP temperature profile, 143 
and 3) a temperature lapse rate within the UTLS region based on a GOES-derived OT-anvil temperature difference 144 
and NASA CloudSat OT-anvil height difference for a sample of direct CloudSat OT overpasses (Griffin et al., 145 
2016). For SEAC4RS, every available GOES-East and GOES-West scan (typically 15 min resolution) was processed 146 
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for the full duration of the mission, even for the non-flight days, yielding a detailed and comprehensive picture of 147 
the location, timing, and depth of penetration of convective storms over the entire CONUS. The output files include 148 
the OT coordinates, time, overshooting intensity in degrees K – which is related to the temperature difference 149 
between the OT and the anvil – and an estimate of maximum cloud height for OT pixels in meters. 150 
 151 
3.2 Back trajectory modeling 152 
Back trajectories were run from each flight profile where enhanced water vapor was measured to determine whether 153 
the sampled air was convectively influenced. The trajectories were run with the FLEXPART model (Stohl et al., 154 
2005) using NCEP Climate Forecast System version 2 (CFSv2) meteorology (Saha et al., 2014). Trajectories were 155 
initialized every second along the flight track profiles and run backward for seven days. A sampled air parcel was 156 
determined to be convectively influenced if the back trajectory from that parcel intercepted an OT region. The 157 
tolerances for a trajectory to be considered to have intercepted an OT cloud were +/-0.25 degrees latitude and 158 
longitude, +/-3 hours, +/-0.5 km in altitude. 159 
 160 
4. Case Studies 161 
In this section, we highlight three NASA ER-2 flights where elevated stratospheric water was observed by JLH 162 
Mark2. These dates are 8, 16 and 27 August 2013. Similar results are seen from other hygrometers on the NASA 163 
ER-2 aircraft. For each of these ER-2 flights, seven-day back trajectory analyses are initialized at locations and 164 
times of enhanced water vapor along the ER-2 flight track. These analyses are combined with overshooting cloud 165 
top data from the SEAC4RS OT data product. The cases are described below. 166 
 167 
4.1 First case: 8 August 2013 168 
This flight was the transit flight from Palmdale, California to Ellington Field, Houston, Texas. In addition to sending 169 
the NASA ER-2 aircraft to the destination base, the science goal of this flight was to profile the North American 170 
Monsoon region with five profiles plus the aircraft ascent and final descent. This flight shows a dramatic transition 171 
from west to east of background stratospheric water to enhanced water (Figures 4a, b, c). In the lowermost 172 
stratosphere (q<380 K), water can be highly variable, but at 90 hPa it is generally unusual to observe water vapor 173 
greater than 6 ppmv. As shown in Figure 4a, the color-coded stratospheric water vapor mixing ratios are 4.0 to 4.4 174 
ppmv at 90 hPa (17 km) over the west coast of CONUS (black and blue points). There is a gradient in water vapor 175 
from west to east, with 7 ppmv water at 90 hPa over west Texas (green points), and 11 ppmv at 90 hPa over eastern 176 
Texas (red points). Simultaneous Aura MLS retrievals also demonstrate a west-to-east water vapor gradient on this 177 
day (solid lines in Figures 4a, b, c).  178 
 179 
To gain insight into the sources of the enhanced stratospheric water, we run back trajectory calculations initialized at 180 
locations of enhanced water. In Figures 5, 6, and 7 that follow, for clarity only some example trajectories (a subset 181 
of our analysis) are shown. These are displayed as thin blue traces in panels (b) and (c). The initial water vapor 182 
mixing ratios of the example trajectories are shown as red squares in panels (a). The intersections of the example 183 
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trajectories with coincident OT are shown as red squares in panels (b) and (c). All overshooting convective tops 184 
within the looser tolerances prescribed (see Sect. 3.2) for all back trajectories are shown by green symbols in panels 185 
(b) and (c).   186 
 187 
Analysis of the 8 August 2013 case is shown in Figure 5. Back trajectories from the flight track follow the 188 
anticyclonic NAM circulation over Western Mexico, Great Plains and Mississippi Valley (Figure 5b). Every one of 189 
the example back trajectories intersects OT, as shown by red symbols in Figure 5b. For this flight, coincidences with 190 
overshooting convection are dominated by overshooting clouds over the Mississippi Valley and Great Plains. All 191 
overshooting convection within the tolerances prescribed (see Sect. 3.2) for the back trajectories are shown by the 192 
green symbols in Figure 5b and 5c. Figure 5c demonstrates the range of altitudes reached by the coincident 193 
overshooting convection and how many convective overshooting cells were coincident. The high resolution of the 194 
convective overshooting data meant that there could be multiple coincident convective overshooting cells for a 195 
single location on a back trajectory. It is significant that some of the green overshooting cells are higher altitude than 196 
the red coincident points, suggesting that overshooting air parcels descended slightly before mixing with the 197 
surrounding air. Figure 5d indicates the source of enhanced water was dominated by overshooting clouds two to five 198 
days earlier than intercept by the aircraft. 199 
 200 
4.2 Second case: 16 August 2013 201 
The NASA ER-2 flight of 16 August 2013 was designed to survey the North American Monsoon in a triangular 202 
flight path from Houston, Texas, to the Imperial Valley in Southern California, to Southeastern Colorado and back 203 
to Texas. The NASA ER-2 aircraft performed six dives, encountering enhanced stratospheric water at 16 to 17 km 204 
altitude (Figure 6a). As shown in Figure 6b, back trajectories intersect overshooting tops over the Central U.S. 205 
(Texas, Oklahoma, Arkansas) and also over the Sierra Madre Occidental mountain range on the west coast of 206 
Mexico. This case is an example of the classic North American Monsoon circulation with a moisture source over the 207 
Sierra Madre Occidental. Anticyclonic transport carried the moisture north from Mexico, and counter-clockwise 208 
around the high pressure (Figure 6b). The altitude range of the convective overshoot is typically 16 to 17 km 209 
altitude, as shown in Figure 6c. The time between OT and intercept by the aircraft ranges from two to seven days 210 
(Figure 6d).  211 
 212 
4.3 Third case: 27 August 2013 213 
The 27 August 2013 flight performed six dives to sample the North American Monsoon. Stratospheric water was 214 
enhanced to 15 to 20 ppmv in altitudes ranging from 16.0 to 17.5 km (Figure 7a). The ER-2 aircraft intercepted 215 
highly enhanced stratospheric water from a MCC over the Upper Midwest, which had overshooting tops over 216 
Northern Minnesota and Northern Wisconsin (Toon et al., 2016), as shown in Figure 7b. Figure 7c shows an 217 
abundance of OT above 17 km (green). Generally speaking, the OT appear at higher altitudes in the northern 218 
CONUS/southern Canada than in the Central CONUS. Figure 7d shows that the air masses were sampled in situ by 219 
the ER-2 aircraft over Illinois and Indiana one to two days after the intense storm. As is a common theme for all 220 
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these experiment days, a portion of the back-trajectories also trace back to overshooting tops over the Sierra Madre 221 
Occidental one week prior. 222 
      223 
5. Conclusions 224 
In this paper we have examined in situ measurements of stratospheric water by JLH Mark2 on the ER-2 aircraft 225 
during the SEAC4RS field mission. With JLH Mark2 data, enhanced H2O above background mixing ratios was 226 
frequently encountered in the lowermost stratosphere between 160 and 80 hPa. Example air parcel back-trajectories 227 
were initialized at the locations and time of enhanced water. All of the back-trajectories connect these air parcels to 228 
convective OT one to seven days prior to aircraft intercept. The trajectory modeling indicates that the identified OT 229 
are associated with larger storm systems over the Central U.S., and also deep convection over the Sierra Madre 230 
Occidental.  231 
 232 
The concentrations of enhanced water and the connection to OT suggests a mechanism for moistening the CONUS 233 
lower stratosphere: ice is irreversibly injected into the overworld stratosphere by the most intense convective tops. 234 
The temperatures of the CONUS lower stratosphere are sufficiently warm to sublimate the ice, leaving behind water 235 
vapor elevated up to 15 ppmv above background mixing ratios. The summertime CONUS has a high frequency of 236 
thunderstorms with sufficient energy to transport ice to the upper troposphere (Koshak et al., 2015, and references 237 
therein). On rare occasion, these storms have sufficient energy to propel water through the tropopause and into the 238 
stratosphere. Ice sublimation is supported by the enriched delta-D isotopic signature in water vapor observed by the 239 
ACE satellite over summertime North America (Randel et al., 2010). Cross-tropopause transport is a consequence of 240 
turbulent mixing at cloud top, possibly enhanced by the existence of breaking gravity waves often occurring near 241 
overshooting cloud tops. (Wang, 2003). 242 
 243 
This study addresses a primary goal of the SEAC4RS field mission (Toon et al., 2016), answering affirmatively the 244 
science question: “Do deep convective cloud systems locally inject water vapor and other chemicals into the 245 
overworld stratosphere over the CONUS?”  This water is almost certainly injected in the ice phase and subsequently 246 
sublimated in the relatively warm stratosphere over CONUS, leading to irreversible hydration. From this study, we 247 
conclude that the depth of injection was typically 16 to 17.5 km altitude for these particular summertime events. 248 
 249 
Satellite retrievals of water vapor from Aura MLS provide a larger-scale context. Elevated water vapor at the 100-250 
hPa level was observed infrequently by Aura MLS. Limb measurements from Aura MLS come from a long (~200 251 
km) path through the atmosphere so locally water vapor may be enhanced even more. At the 100-hPa level in the 252 
lower stratosphere, the year 2013 was slightly drier than the average of 2004-2013 summers but, nevertheless, there 253 
was sufficient enhanced water to be clearly observed in the Aura MLS retrievals.  254 
 255 
In situ measurements probe on a small-scale air parcels that can be connected to OT that inject ice and, to a lesser 256 
extent, trace gases to the stratosphere (e.g., Ray et al., 2004; Hanisco et al., 2007; Jost et al, 2004). In contrast, 257 
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modeling studies tend to focus on large-scale processes. Dessler et al. (2002) and Corti et al. (2008) concluded that 258 
OT are a significant source of water vapor in the mid-latitude lower stratosphere. In contrast, Randel et al. (2015) 259 
used Aura MLS observations to conclude that circulation plays a larger role than OT in controlling mid-latitude 260 
stratospheric water vapor in the monsoon region. Our study shows clear evidence of observable perturbations to 261 
stratospheric water vapor on ER-2 aircraft flights that targeted convectively-influenced air during SEAC4RS. The 262 
fraction of Aura MLS observations in the same time period with H2O greater than 8 ppmv is very small, on the order 263 
of 1%. This reinforces the conclusion of Randel et al. (2015) that OT play a minor role in the mid-latitude 264 
stratospheric water budget. In future work, we plan more detailed back trajectory analysis of air parcels over 265 
summertime North America to better understand the transport of ice and water in the lower stratosphere.  266 
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TABLES 412 
 413 
Table 1   Summary of airborne enhanced water vapor case studies during SEAC4RS*. 414 

Date Maximum H2O 

(ppmv) 

Altitude range 

(km) of 

enhanced H2O 

Source region 

(from back-

trajectories) 

8 August 2013  11.2 16.5 to 17.7    Great Plains, Mex. 

16 August 2013  12.2 16.3 to 17.2     AK, OK, TX, 

Mex. 

27 August 2013  20.5 15.9 to 17.5    MN, WI, Mexico 

* SEAC4RS = Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional 415 
Surveys 416 
 417 
FIGURE CAPTIONS 418 
 419 
Figure 1. Time series of Aura MLS v3.3 100-hPa H2O over North America. Each monthly histogram is normalized 420 
to unity over mixing ratio. Dashed black vertical lines mark year boundaries, and gray-shaded areas denote July-421 
August.  Data are from the eastern CONUS through northern Mexico (see Figure 2 insert), a study box empirically 422 
chosen to enclose the highest outliers associated with the North American Monsoon in the 10+ year MLS 100-hPa 423 
water vapor climatology (after Schwartz et al., 2013). 424 
 425 
Figure 2. Distribution of Aura MLS July-August 100-hPa H2O over North America (blue shaded box in insert) for 426 
July-August 2013 (blue line) and July-August ten-year mean for 2004 to 2013 (red line). 427 
 428 
Figure 3. Aura MLS 100-hPa H2O (color scale), with superimposed MERRA horizontal winds (arrows) for July-429 
August 2013 during the SEAC4RS time period. MLS observations of 100-hPa H2O greater than 8 ppmv in this two-430 
month period are shown by the white circles. 431 
 432 
Figure 4. In each panel: left plot is water vapor retrievals from aircraft (color), aircraft with MLS averaging kernel 433 
(asterisks and lines) and MLS (black dots and lines) on 8 August 2013. Right plots are aircraft flight track and 434 
pressure profiles shown in color by longitude, and also MLS geolocations (asterisks and line). (a) Western CONUS 435 
MLS profiles and coincident aircraft profiles (blue), (b) Central CONUS Texas MLS profiles and coincident aircraft 436 
profiles (green), (c) Southern CONUS MLS profiles and coincident aircraft profiles (red). 437 
 438 
Figure 5. Analysis of the 8 August 2013 NASA ER-2 aircraft flight. (a) Vertical profiles of JLH Mark2 in situ H2O. 439 
Back trajectories were initialized from each of enhanced water measurements (blue). Initial water vapor mixing 440 
ratios for a subset of example trajectories are shown as red squares. (b) Example back trajectories (thin blue traces) 441 
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and coincident overshooting convection (red). Along the NASA ER-2 flight track (orange line), enhanced water 442 
vapor was measured (thick blue lines). This figure identifies where trajectories and OT are coincident (red) and 443 
nearly coincident within tolerances prescribed in Section 3.2 (green). The green symbols give an indication of the 444 
main regions of convective overshooting during the seven days prior to the ER-2 flight and which of those regions 445 
appeared to contribute most to the water vapor enhancement measured on the flight. (c) Altitude plot of example 446 
back trajectories showing coincident overshooting (red) and nearly coincident overshooting (green). The green 447 
symbols show the range of altitudes reached by the coincident overshooting convection and how many convective 448 
overshooting cells were nearby. The high resolution of the convective overshooting data meant that there could be 449 
multiple coincident convective overshooting cells for a single location on a back trajectory, (d) Days between OT 450 
and intercept by aircraft on 8 August 2013. 451 
 452 
Figure 6. Analysis of the 16 August 2013 NASA ER-2 flight. (a) Vertical profiles of JLH Mark2 in situ H2O similar 453 
to Figure 5a, (b) Back trajectories from the aircraft path similar to Figure 5b, (c) Altitude plot of back trajectories 454 
showing coincident overshooting (red) and nearly coincident overshooting (green) similar to Figure 5c, (d) Days 455 
between OT and intercept by aircraft similar to Figure 5d. 456 
 457 
Figure 7. Analysis of the 27 August 2013 NASA ER-2 flight. (a) Vertical profiles of JLH Mark2 in situ H2O similar 458 
to Figure 5a, (b) Back trajectories from the aircraft path similar to Figure 5b, (c) Altitude plot of back trajectories 459 
showing coincident overshooting (red) and nearly coincident overshooting (green) similar to Figure 5c, (d) Days 460 
between OT and intercept by aircraft similar to Figure 5d. 461 
  462 
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463 
Figure 1. Time series of Aura MLS v3.3 100-hPa H2O over North America. Each monthly histogram is normalized 464 
to unity over mixing ratio. Dashed black vertical lines mark year boundaries, and gray-shaded areas denote July-465 
August.  Data are from the eastern CONUS through northern Mexico (see Figure 2 insert), a study box empirically 466 
chosen to enclose the highest outliers associated with the North American Monsoon in the 10+ year MLS 100-hPa 467 
water vapor climatology (after Schwartz et al., 2013). 468 
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 470 
Figure 2. Distribution of Aura MLS July-August 100-hPa H2O over North America (blue shaded box in insert) for 471 
July-August 2013 (blue line) and July-August ten-year mean for 2004 to 2013 (red line). 472 
 473 
  474 
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 475 
 476 
 477 
 478 
 479 

Figure 3. Aura MLS 100-hPa H2O (color scale), with superimposed MERRA horizontal winds (arrows) for July-480 
August 2013 during the SEAC4RS time period. MLS observations of 100-hPa H2O greater than 8 ppmv in this two-481 
month period are shown by the white circles.  482 
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(a)  483 

(b)  484 

(c)  485 
Figure 4. In each panel: left plot is water vapor retrievals from aircraft (color), aircraft with MLS averaging kernel 486 
(asterisks and lines) and MLS (black dots and lines) on 8 August 2013. Right plots are aircraft flight track and 487 
pressure profiles shown in color by longitude, and also MLS geolocations (asterisks and line). (a) Western CONUS 488 
MLS profiles and coincident aircraft profiles (blue), (b) Central CONUS Texas MLS profiles and coincident aircraft 489 
profiles (green), (c) Southern CONUS MLS profiles and coincident aircraft profiles (red).  490 
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(a) (b)  491 

(c)  (d)  492 
Figure 5. Analysis of the 8 August 2013 NASA ER-2 aircraft flight. (a) Vertical profiles of JLH Mark2 in situ H2O. 493 
Back trajectories were initialized from each of enhanced water measurements (blue). Initial water vapor mixing 494 
ratios for a subset of example trajectories are shown as red squares. (b) Example back trajectories (thin blue traces) 495 
and coincident overshooting convection (red). Along the NASA ER-2 flight track (orange line), enhanced water 496 
vapor was measured (thick blue lines). This figure identifies where trajectories and OT are coincident (red) and 497 
nearly coincident within tolerances prescribed in Section 3.2 (green). The green symbols give an indication of the 498 
main regions of convective overshooting during the seven days prior to the ER-2 flight and which of those regions 499 
appeared to contribute most to the water vapor enhancement measured on the flight. (c) Altitude plot of example 500 
back trajectories showing coincident overshooting (red) and nearly coincident overshooting (green). The green 501 
symbols show the range of altitudes reached by the coincident overshooting convection and how many convective 502 
overshooting cells were nearby. The high resolution of the convective overshooting data meant that there could be 503 
multiple coincident convective overshooting cells for a single location on a back trajectory, (d) Days between OT 504 
and intercept by aircraft on 8 August 2013.  505 
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 506 

(a)  (b) 	507 

(c)  (d)  508 
Figure 6. Analysis of the 16 August 2013 NASA ER-2 flight. (a) Vertical profiles of JLH Mark2 in situ H2O similar 509 
to Figure 5a, (b) Back trajectories from the aircraft path similar to Figure 5b, (c) Altitude plot of back trajectories 510 
showing coincident overshooting (red) and nearly coincident overshooting (green) similar to Figure 5c, (d) Days 511 
between OT and intercept by aircraft similar to Figure 5d. 512 
 513 
  514 
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(a)  (b) 	515 

 (c)  (d)  516 
Figure 7. Analysis of the 27 August 2013 NASA ER-2 flight. (a) Vertical profiles of JLH Mark2 in situ H2O similar 517 
to Figure 5a, (b) Back trajectories from the aircraft path similar to Figure 5b, (c) Altitude plot of back trajectories 518 
showing coincident overshooting (red) and nearly coincident overshooting (green) similar to Figure 5c, (d) Days 519 
between OT and intercept by aircraft similar to Figure 5d. 520 
 521 
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