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Abstract

Water vapor in the stratosphere is primarily controlled by temperatures in the tropical upper troposphere and lower strato-

sphere. However, the direct impact of deep convection on the global lower stratospheric water vapor budget is still an actively

debated issue. Two complementary modeling approaches are used to investigate the convective impact in boreal winter and

summer. Backward trajectory model simulations coupled with a detailed treatment of cloud microphysical processes indicate

that convection moistens the global lower stratosphere by approximately 0.3 ppmv (˜10% increase) in boreal winter and summer

2010. The diurnal peak in convection is responsible for about half of the total convective moistening during boreal winter and

nearly all of the convective moistening during boreal summer. Deep convective cloud tops overshooting the local tropopause

have relatively minor effect on global lower stratospheric water vapor (˜1% increase). A forward trajectory model coupled with

a simplified cloud module is used to esimate the relative magnitude of the interannual variability of the convective impact during

2006-2016. Combing the results from the two models, we find that the convective impact on the global lower stratospheric water

vapor during 2006-2016 is approximately 0.3 ppmv with year-to-year variations of up to 0.1 ppmv. The dominant mechanism

of convective hydration of the lower stratosphere is via the detrainment of saturated air and ice into the tropical uppermost

troposphere. Convection shifts the relative humidity distribution of subsaturated air parcels in the upper troposphere toward

higher relative humidity values, thereby increasing the water vapor in the stratosphere.
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Key Points: 13 

 Convection moistens the global lower stratosphere by 0.3 ppmv with interannual 14 
variations of up to 0.1 ppmv in winter and summer 2006-2016. 15 

 Convection moistens the lower stratosphere primarily via the detrainment of saturated air 16 
and ice into the tropical uppermost troposphere. 17 

 Deep convective systems overshooting the tropopause have a minor effect on global 18 
lower stratospheric water vapor. 19 

 20 

 21 
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Abstract 23 

Water vapor in the stratosphere is primarily controlled by temperatures in the tropical upper 24 
troposphere and lower stratosphere.  However, the direct impact of deep convection on the global 25 
lower stratospheric water vapor budget is still an actively debated issue.  Two complementary 26 
modeling approaches are used to investigate the convective impact in boreal winter and summer.  27 
Backward trajectory model simulations coupled with a detailed treatment of cloud microphysical 28 
processes indicate that convection moistens the global lower stratosphere by approximately 0.3 29 
ppmv (~10% increase) in boreal winter and summer 2010.  The diurnal peak in convection is 30 
responsible for about half of the total convective moistening during boreal winter and nearly all 31 
of the convective moistening during boreal summer.  Deep convective cloud tops overshooting 32 
the local tropopause have relatively minor effect on global lower stratospheric water vapor (~1% 33 
increase).  A forward trajectory model coupled with a simplified cloud module is used to esimate 34 
the relative magnitude of the interannual variability of the convective impact during 2006-2016. 35 
Combing the results from the two models, we find that the convective impact on the global lower 36 
stratospheric water vapor during 2006-2016 is approximately 0.3 ppmv with year-to-year 37 
variations of up to 0.1 ppmv.  The dominant mechanism of convective hydration of the lower 38 
stratosphere is via the detrainment of saturated air and ice into the tropical uppermost 39 
troposphere.  Convection shifts the relative humidity distribution of subsaturated air parcels in 40 
the upper troposphere toward higher relative humidity values, thereby increasing the water vapor 41 
in the stratosphere.   42 

 43 

Plain Language Summary 44 

Stratosphere is extremely dry, but small changes in the humidity of the stratosphere can have a 45 
big impact on Earth’s climate.  Water vapor in the stratosphere is primarily determined by 46 
temperatures in the tropical upper atmosphere (between the tropospheric and stratospheric 47 
layers), but deep convective clouds that rapidly transport humid air up to this region could 48 
potentially influence stratospheric water vapor as well.  This study uses two complementary 49 
modeling approaches to estimate the overall impact of deep convection on global stratospheric 50 
humidity.  We find that convection moistens the lower stratosphere by about 10% in boreal 51 
winters and summers with smaller (by about a third) year-to-year variations during the 2006-52 
2016 period.  The daytime peak in convection is responsible for about half of the total convective 53 
moistening during boreal winter and nearly all of the convective moistening during boreal 54 
summer.  Deep convective cloud tops that penetrate into the lower stratosphere have a relatively 55 
small effect on stratospheric water vapor.  Convection moistens the lower stratosphere primarily 56 
by transporting humid air laden with numerous ice crystals to the tropical uppermost 57 
troposphere, just below the stratosphere.  Some of this humid air subsequently ascends into the 58 
stratosphere and ultimately increases the humidity of the lower stratosphere. 59 

 60 

1 Introduction 61 

Water vapor is an important greenhouse gas and exerts significant influence on the 62 
chemistry and radiative balance of the atmosphere (e.g., Anderson et al., 2012; Forster & Shine, 63 
1999, 2002; Solomon et al., 2010).  Tropospheric water vapor, for instance, amplifies the direct 64 
warming from carbon dioxide via a strong positive feedback mechanism (Schneider et al., 1999; 65 
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Sherwood et al., 2010).  Brewer (1949) hypothesized that the dryness of the stratosphere could 66 
be explained by the existence of a global circulation in which air enters the stratosphere through 67 
the cold tropical tropopause where it is dehydrated to the ice saturation level, moves poleward, 68 
and descends back down to the troposphere in the extratropics.  This large-scale circulation in the 69 
stratosphere is known as the Brewer-Dobson circulation (BDC).  Yulaeva et al. (1994) later 70 
interpreted the relationship between low- and high-latitude temperature annual cycles observed 71 
in the lower stratosphere as a result of variations in the strength of the wave-driven BDC.  The 72 
annual cycle in tropical tropopause temperature, with a minimum in boreal winter and a 73 
maximum in boreal summer, produces a ‘tape recorder’ signal in time-height section of zonal-74 
mean water vapor mixing ratios as seen by satellites (Fueglistaler et al., 2005; Mote et al., 1996; 75 
Schoeberl et al., 2008).  These and other studies (see Fueglistaler et al., 2009 and references 76 
therein) highlight the importance of the strength of the tropical upwelling in the BDC in 77 
modulating the cold-point tropical tropopause temperature (Holton et al., 1995) which then 78 
controls the stratospheric water vapor budget as described further below. 79 

Despite its very low concentration, stratospheric water vapor affects the chemistry 80 
(Anderson et al., 2012; Dvortsov & Solomon, 2001; Kiehl & Solomon, 1986), radiative forcing 81 
(Forster & Shine, 1999; Li & Newman, 2020; Solomon et al., 2010), and atmospheric circulation 82 
(Maycock et al., 2013).  It also produces various feedbacks on the climate system (Banerjee et 83 
al., 2019; Dessler et al., 2013; Huang et al. 2020).  Because of its significant role on climate, 84 
long-term observations of stratospheric water vapor have been made using balloons (Hurst et al., 85 
2016) and various satellite instruments such as Aura Microwave Limb Sounder (MLS: Livesey 86 
et al., 2020).  These measurements have been useful for monitoring long-term changes and 87 
variability in stratospheric humidty, and allowing investigations of processes that influence 88 
stratospheric water vapor. 89 

As noted earlier, it is generally well understood that the stratospheric water vapor budget 90 
is, to first order, controlled by the slow large-scale ascent through the cold tropical tropopause 91 
(Fueglistaler et al., 2005; Gettelman et al., 2002; Hatsushika & Yamazaki, 2003; Holton & 92 
Gettelman, 2001; Mote et al., 1996; Randel & Jensen 2013; Randel & Park, 2019).  Processes 93 
associated with atmospheric waves and convection also play a role in the dehydration of air 94 
entering the stratosphere through the tropical tropopause layer (TTL).  These include dehydration 95 
driven by the cooling phase of gravity, Kelvin and Rossby waves (Boehm & Verlinde, 2000; 96 
Chang & L’Ecuyer, 2020; Dinh et al., 2016; Fujiwara et al., 2009; Garrett et al., 2004; Immler et 97 
al., 2008; Jensen & Pfister, 2004; Kim et al., 2016; Potter & Holton, 1995; Reinares Martinez et 98 
al., 2021; Schoeberl et al., 2015, 2016; Virts et al., 2010) and by the adiabatic cooling of air 99 
within deep convective overshooting cloud tops (Danielsen, 1982; Garrett et al., 2004, 2006; 100 
Gasparini et al., 2019; Hartmann et al., 2001; Kim et al., 2018; Potter & Holton, 1995; Robinson 101 
& Sherwood, 2006; Sherwood & Dessler, 2000; Sherwood et al., 2003).  Additionally, cloud 102 
(microphysical, dynamical and radiative) processes and the direct injection of water vapor and 103 
ice by deep convection may also increase stratospheric water vapor (Corti et al., 2008; Danielsen 104 
1993; Jensen & Pfister, 2004; Kelly et al., 1993; Kritz et al., 1993; Nielsen et al., 2007; Pfister et 105 
al., 1993; Schoeberl et al., 2014, 2016, 2018; Ueyama et al., 2015, 2018, 2020).   106 

The climatological mean distribution of lower stratospheric (83 hPa) water vapor 107 
obtained from the Aura MLS measurements in boreal winter and summer is shown in Figure 1.  108 
In boreal winter, there is a distinct minimum in water vapor mixing ratios over the western 109 
tropical Pacific, roughly coincident with the region of minimum tropopause temperatures.  In 110 
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contrast, there is no obvious relationship between lower stratospheric water vapor and 111 
temperature fields in boreal summer.  Rather, enhanced water vapor over the Asian summer 112 
monsoon region appears to be collocated with a region of deep convective activity.  The high 113 
water vapor mixing ratios in the extratropics are due to the transport of moist air associated with 114 
methane photolysis at higher altitudes in the stratosphere (Wofsy et al., 1972). 115 

 116 

Figure 1: Climatological (2006-16) (a) winter (Dec-Jan-Feb) and (b) summer (Jun-Jul-Aug) mean water 117 
vapor mixing ratios (colored shading) in the lower stratosphere based on MLS observations at the 83 hPa 118 
level. The water vapor field is superimposed with gray shadings representing the occurrence frequency of 119 
deep convective cloud tops (>380 K) during the respective seasons: light to dark shading represents low to 120 
high cloud occurrence frequency. Also shown are contours of the cold-point tropopause temperature 121 
climatology from the Global Positioning System (GPS) radio occultation data for the same time period (see 122 
Randel & Wu, 2015). 123 

 The role of deep convection as a source of stratospheric water vapor has been explored 124 
over decades (Adler & Mack, 1986; Avery et al., 2017; Corti et al., 2009; Danielsen, 1993; 125 
Dessler et al., 2016; Kelly et al., 1993; Nielsen et al., 2007; Schoeberl et al., 2014, 2018, 2019; 126 
Smith et al., 2017; Wang et al., 2019).  There is evidence of the direct injection of ice crystals 127 
(and subsequent sublimation) in the lowermost stratosphere by deep convection overshooting the 128 
tropopause, particularly over the midlatitude North American monsoon region (Schwartz et al., 129 
2013; Smith et al., 2017).  However, the impact of tropopause-overshooting convection on the 130 
global stratospheric water vapor budget is unclear (e.g., Jensen et al., 2020).  In the current 131 
climate, only a small fraction of convective systems penetrate high enough into the stratosphere 132 
to have a significant impact.   133 
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The detrainment of ice into the tropical uppermost troposphere could potentially hydrate 134 
the lower stratosphere, if the detrained ice and the convectively-influenced air parcel do not 135 
encounter supersaturated (with respect to ice) air during their ascent into the stratosphere.  136 
Trajectory studies indicate that most parcels entering the tropical stratosphere have been 137 
dehydrated by in situ cloud formation, limiting the convective hydration of the tropical 138 
uppermost troposphere to at most ~0.5 ppmv (Schoeberl et al., 2018; Ueyama et al., 2015, 2018).  139 
These studies also show that the impact of convectively-detrained ice crystals on the humidity of 140 
the upper troposphere is relatively small compared to the total convective impact (Schoeberl et 141 
al., 2014; Ueyama et al., 2020).   142 

We also note that convection can indirectly influence the lower stratospheric water vapor 143 
budget by lowering the temperatures in the upper troposphere and lower stratosphere (UTLS).  144 
For example, Randel et al. (2015) found that strong convection leads to relatively cooler and thus 145 
dry stratosphere (and vice versa) over the summer monsoon regions just above the altitude of 146 
maximum convection.  This observation is consistent with an earlier model result by Salby & 147 
Callaghan (2004) that demonstrated a cooling and elevation of the tropical tropopause induced 148 
by an intensification or deepening of convection. 149 

  While aforementioned studies suggest that deep convective sources of stratospheric 150 
water vapor are generally small, a quantitative assessment of convective impact is missing on 151 
global and regional scales.  Furthermore, detailed investigation of the year-to-year variability of 152 
the convective impact is still lacking.  Eulerian models can include some important feedback 153 
effects, but subgrid scale processes that impact stratospheric water vapor (including convection, 154 
gravity waves, and cloud processes) are often poorly represented.  Lagrangian models that 155 
resolve the various subgrid scale processes are better suited to investigate the relative importance 156 
of these processes on the stratospheric water vapor budget.  Our understanding of the 157 
sensitivities of stratospheric water vapor to convective impact is limited in part due to 158 
uncertainties in the height of the convective cloud tops as well as its diurnal variability.  159 
Therefore, time-resolved, observation-based estimates of convection are critical for an accurate 160 
assessment of the convective impact.  Since convective activity is likely to change in a warmer 161 
climate (e.g., Chou & Chen, 2010; Held & Soden, 2006; Romps 2011; Tan et al., 2015), such a 162 
study is necessary to improve simulations of UTLS processes in global climate models. 163 

In this study, we address the following science questions: 164 

1. What is the impact of convection on the global lower stratospheric water vapor 165 
budget? 166 

2. How does the convective impact vary regionally and interannually? 167 

3. What is the dominant mechanism of convective hydration or dehydration? 168 

We first use the backward trajectory model with a detailed cloud microphysics scheme to 169 
investigate the convective impact on global lower stratospheric humidity during boreal winter 170 
and summer 2010.  We then use the forward trajectory model to quantify the interannual 171 
variability of the convective impact.  The results of this study will provide valuable insights on 172 
how future changes in convection may influence the global stratospheric water vapor budget, 173 
which then feedback on the climate system and ultimately affect Earth’s climate. 174 

 175 

2 Data and Methodology 176 
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2.1 Satellite observation of lower stratospheric water vapor  177 

One of the main goals of this work is to understand the long-term measurements of lower 178 
stratospheric (83 hPa) water vapor from the Microwave Limb Sounder (MLS) onboard the Aura 179 
satellite.  The MLS instrument scans Earth’s limb and retrieves approximately 3,500 profiles 180 
each day between 82ºS and 82ºN latitudes.  Level 2 version 5 water vapor retrievals (Lambert et 181 
al., 2020; Livesey et al., 2020) are analyzed in this study.  This version corrects for the temporal 182 
calibration drift that appeared around 2010 (Hurst et al., 2016) as well as the dry bias (~20%) 183 
below the tropopause; these changes resulted in a 5-10% reduction in stratospheric water vapor 184 
compared to the previous versions (Lambert et al., 2015, 2020; Livesey et al., 2021).  The 83-hPa 185 
water vapor precision and accuracy are both 7%.  The data are screened for quality based on 186 
criteria indicated in Livesey et al. (2020).   187 

We focus on boreal winter and summer 2010 for comparison between simulated and 188 
observed water vapor fields at the 83 hPa level.  Year 2010 was chosen because lower 189 
stratospheric water vapor enhancements over the two monsoon regions were particularly clear 190 
that summer and resembled those of climatology (Fig. 1).  Winter 2010 is calculated as the 191 
average from December 2009 through February 2010, while summer 2010 is calculated as the 192 
average from June through August 2010.  We also examine the interannual variations over the 193 
2006-2016 time period.  The long-term (2006-2016) seasonal mean water vapor fields shown in 194 
Figure 1 are constructed by averaging 7-day averaged data on a 5º latitude x 5º longitude grid 195 
over three months. 196 

2.2 Satellite-derived global convective cloud top altitudes 197 

Current global models have difficulty simulating deep convection and tend to 198 
substantially underestimate the occurrence of deep convective clouds penetrating the TTL (e.g., 199 
Schoeberl et al., 2018).  In order to accurately quantify the convective impact on the lower 200 
stratosphere on a global scale, we require observation-based estimates of the global convective 201 
cloud top altitudes at high temporal and spatial resolutions.  We use the methodology described 202 
in previous studies (Bergman et al., 2012; Pfister et al., 2001; Schoeberl et al., 2018; Ueyama et 203 
al., 2015, 2018, 2020) with some modifications.  Based on precipitation measurements from 204 
Tropical Rainfall Measuring Mission and Global Precipitation Measurement (GPM; Hao et al., 205 
2014), convective regions are first identified by searching for rainfall rates exceeding a threshold 206 
value of 0.9 mm h-1 over land and 1.5 mm h-1 over ocean.  These rainfall threholds are 207 
determined such that the resulting occurrence frequencies of deep convective cloud top heights 208 
(e.g., Figure 1) statiscally agree with those based on combined CloudSat and Cloud-Aerosol 209 
Lidar with Orthogonal Polarization (CALIOP) observations.  A cloud top altitude is estimated by 210 
matching the infrared brightness temperature within a given convective region to the local 211 
temperature profile.  To account for the observed cooling effect of convection near the 212 
tropopause (Chae et al., 2011; Selkirk, 1993; Sherwood et al., 2003), the analysis temperatures 213 
are modified above the analysis tropopause by calculating a profile that is a mixture of (70%) 214 
tropopause air and (30%) environmental air. 215 

The climatological mean distribution of deep convection (i.e., cloud tops > 380 K) shows 216 
enhanced activity over distinct regions (Fig. 1), most frequently over land.  In boreal winter, 217 
deep convective clouds are primarily observed over northern Australia, tropical Africa and South 218 
America. They also occur relatively frequently over the tropical western Pacific.  In boreal 219 
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summer, deep convective activity dominates over the Asian monsoon land region as well as over 220 
tropical Africa to a lesser extent.  Ueyama et al. (2018) used these satellite-derived convective 221 
cloud top heights to investigate the impact of convection on the uppermost troposphere during 222 
boreal summer.  They found that convection was the primary driver of the enhancement in upper 223 
tropospheric water vapor over the Asian monsoon region.   224 

Deep convection over the North American monsoon region occurs relatively infrequently 225 
based on this dataset.  For the purpose of a case study to quantify the sensitivity of lower 226 
stratospheric water vapor to convective cloud top heights, we correct for the underestimated 227 
cloud tops over North America by modifying the convective cloud top potential temperatures 228 
over the northern midlatitudes in year 2010 when lower stratospheric water vapor was 229 
particularly enhanced over the North American monsoon region.  Instead of assuming that 230 
convection overshooting the tropopause mixes with 70% tropospheric and 30% stratospheric air, 231 
we use a 50-50 mixture in northern midlatitudes.  This modification has the effect of warming 232 
the plume and raising the altitude and potential temperature of the cloud tops.  The resulting 233 
global distribution of deep convective clouds in 2010 resembles the climatological mean 234 
distribution shown in Figure 1, except for a five fold increase in the maximum occurrence of 235 
deep convective cloud tops (above 380 K potential temperature level) over the continental U.S. 236 
during summer (not shown). 237 

To permit comparisons with previous studies utilizing this cloud top dataset (e.g., 238 
Schoeberl et al., 2018; Ueyama et al., 2015), we have used the original (unmodified) version for 239 
model comparison and for the investigation of the interannual variability of the convective 240 
impact.  Figure 2a shows the interannual variability of global deep convective activity in boreal 241 
winters and summers from 2006 through 2016.  Various modes of climate variability such as the 242 
El Niño Southern Oscillation (ENSO) presumably affect the global convective activity.  Deep 243 
convection was relatively active in year 2010, which began with a warm ENSO winter followed 244 
by a slightly cold ENSO summer.  The simulated lower stratospheric water vapor fields during 245 
boreal winter and summer 2010 are evaluated in Section 3.1.  It is evident from Figure 2b that 246 
deep convective activity is particularly large over the Asian monsoon region in boreal summer, 247 
although convective activity over the North American monsoon region exhibits similar year-to-248 
year variability with smaller magnitude.  We will explore the relationship between year-to-year 249 
variations in deep convection and estimated convective impact on the UTLS using the forward 250 
trajectory model in Section 3.2. 251 

 252 

(a) domain average (b) monsoon average
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Figure 2: (a) Time series of the occurrence frequency of deep convection (cloud tops above the 380 K 253 
potential temperature level) over 30ºS-30ºN in winter and 20ºS-50ºN in summer during 2006-16. (b) As 254 
in (a) but for the Asian (red; 0-45ºN, 0-180ºE) and North American (black; 0-45ºN, 0-180ºW) monsoon 255 
regions during summer. Occurrence frequencies over the North American monsoon region are multiplied 256 
by a factor of 10. Occurrence frequency from December 2005 through February 2006 is plotted as the 257 
winter 2006 value. 258 

 259 

2.3 Model description 260 

 261 

Table 1: Model configuration and characteristics of the backward and forward trajectory 262 
modeling approaches used in this study. 263 

 Backward trajectory model Forward trajectory model 

Parcel launch method 
 2º lat x 2º lon grid within a 

domain (30ºS-30ºN for winter, 
20ºS-50ºN for summer) 

 At 390 K potential temperature 
level 

 At a given date (21 Feb 2010 
for winter, 22 Aug 2010 for 
summer)

 At the tops of convective clouds 
within the 40ºS-40ºN domain 

 Continuously every 6 hours 
starting in year 2000 

Trajectory length 75 days Variable

Analysis (T, U, V) data ERA5 MERRA-2

Diabatic heating rates satellite-based heating rates1 MERRA-2

Convection scheme Satellite-based convective cloud top 
heights2 

Satellite-based convective cloud top 
heights2

Gravity wave scheme Gravity wave spectra from lower 
stratospheric superpressure balloon 
measurements3

Gravity wave spectra from lower 
stratospheric superpressure balloon 
measurements3 

Cloud scheme One-dimensional column model 
where cloud microphysical 
processes such as nucleation, 
deposition growth, sedimentation, 
and sublimation are simulated in 
vertical space along each trajectory 
path. 

Zero-dimensional cloud model that 
tracks the mean ice crystal numer 
density, mass, and size, as well as 
the water vapor mixing ratio. 
Sedimentation, deposition growth 
and sublimation are approximated. 

Advantages  Provides direct estimates of 
water vapor at the desired 
locations 

 Provides information about 
source and history of air parcels

 Computational efficiency 
allows for good statistics from 
abundant parcel tracking. 

 Provides continuous picture of 
the time evolution 
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 Detailed cloud microphysical 
model accounts for vertical 
redistribution of water by ice 
cloud processes.

Limitations  Does not correctly represent air 
parcel age distribution if the 
mean age exceeds the trajectory 
integration time 

 Lack of mixing between parcels 

 Assumes no vertical wind shear 
of the horizontal wind along the 
trajectories4 

 Trajectories need to be 
sufficiently long for the parcels 
to traverse through the cold 
tropopause temperatures. 

 Does not provide detailed 
information about air parcel 
origins and pathways 

 Results influenced by parcel 
launch locations 

 Lack of mixing between parcels 

 Ice sedimentation loss rate 
calculation requires an 
assumption of the parcel 
(cloud) depth 

 Cloud parameterization 
assumes monodispersed ice 
crystal size distribution.

Note. See also descriptions in the following references for the backward (Jensen & Pfister, 2004; Ueyama 264 
et al., 2015, 2018, 2020) and forward (Schoeberl and Dessler, 2011; Schoeberl et al., 2014, 2016) 265 
trajectory model approaches. 1 2B-FLXHR-LIDAR (L’Ecuyer et al., 2008; Henderson et al., 2013); 2 See 266 
Section 2.2; 3 See Schoeberl et al. (2017); 4 Applies to the curtain model approach used in this study. 267 

 268 

2.3.1 Backward trajectory (BT) model approach 269 

The backward trajectory (BT) model approach generally follows the methodology of 270 
Ueyama et al. (2015, 2018, 2020) and is summarized in Table 1.  We first calculate 75-day BTs 271 
from 2º latitude x 2º longitude grid points in a given domain at the 390 K potential temperature 272 
level.  For the winter simulation, we initialize the BTs from 30ºS to 30ºN domain on 21 February 273 
2010 going back in time to early December 2009.  For the summer simulation, we initialize the 274 
BTs from 20ºS to 50ºN domain on 22 August 2010 going back to early June 2010.  Trajectories 275 
are calculated using hourly horizontal wind data from the European Centre for Medium-range 276 
Weather Forecast reanalysis (ERA5; Hersbach et al., 2020).  ERA5 data are available at 29 levels 277 
between 50 and 300 hPa levels with ~5 hPa resolution in the UTLS (e.g., 73, 78, 83, 89, 94, 191, 278 
107 hPa).  For the vertical motions of the parcels, we use a combined broadband flux and heating 279 
rate product of the CloudSat, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 280 
(CALIPSO) and Moderate Resolution Imaging Spectroradiometer (MODIS) missions (2B-281 
FLXHR-LIDAR: Henderson et al., 2013; L’Ecuyer et al., 2008).  Due to the lack of global 282 
coverage of the satellite-based heating rates at high enough resolution, the data are averaged over 283 
a three-month period to compute seasonal means (December-January-February for winter, June-284 
July-August for summer).  Although there is large uncertainty associated with an individual 285 
trajectory pathway, the averaging over thousands of trajectories within a large domain captures 286 
the transport characteristics through the UTLS reasonably well (Bergman et al., 2012).  287 

After the trajectories have been calculated, we extract vertical profiles (from the 350 to 288 
430 K potential temperature levels) of ERA5 temperatures at each time step along each trajectory 289 
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path to generate time vs. height “curtains” of temperatures.  Although the effect of high-290 
frequency gravity waves on TTL humidity appears to be small (Fueglistaler & Baker, 2006; 291 
Schoeberl et al., 2014, 2015; Ueyama et al., 2015), gravity waves have been shown to affect 292 
cloud microphysical properties (Dinh et al., 2016; Jensen & Pfister, 2004) and increase the 293 
occurrence of in situ formed clouds due to their modulation of the cooling rates (Schoeberl et al., 294 
2015, 2016; Ueyama et al., 2015).  We therefore add the effects of these waves on the 295 
temperature curtains using the gravity wave spectra calculated from Project Loon’s lower 296 
stratospheric superpressure balloon measurements (Schoeberl et al., 2017) similar to the 297 
climatological mean high-frequency gravity wave spectra described in Jensen & Pfister (2004). 298 

The temperature curtains, along with curtains of heating rates, are used to drive the one-299 
dimensional (column) cloud microphysical model in the next step.  Specifically, the cloud model 300 
is initialized with the 7-day mean gridded MLS water vapor profile nearest to the parcel location 301 
at the earliest time of the trajectory (i.e., 75 days before the BT launch date).  Cloud ice 302 
processes such as nucleation, deposition growth, sedimentation, and sublimation are then 303 
simulated in one-dimensional (vertical) space along each trajectory path (from the earliest to 304 
latest time in the forward direction).  For example, homogeneous ice nucleation is triggered 305 
when the ice saturation mixing ratio exceeds a threshold of ~1.6 (Koop et al., 2000).  We do not 306 
include heterogeneous ice nucleation processes (which are triggered at a lower supersaturation of 307 
~1.3) since Ueyama et al. (2015) have shown that water vapor and clouds in the TTL are 308 
relatively insensitive to the heterogeneous freezing process. 309 

Ice crystals formed after nucleation are assumed to be in thermal equilibrium with the 310 
ambient air.  Thus, if an ice crystal encounters subsaturated or supersaturated air, it will 311 
sublimate or grow by deposition, respectively.  In order to model the cloud evolution, the sizes 312 
and heights of thousands of individual ice crystals are tracked throughout their lifetime.  Water 313 
vapor is treated in an Eulerian grid, and the water exchange between the vapor and condensed 314 
phases is computed at each time step.  The vertical advection of water vapor and ice crystals 315 
(including sedimentation of ice) is diagnosed using the heating rate curtains.  In this way, this 316 
column cloud microphysical model properly treats the vertical redistribution of water by clouds,. 317 

The water and cloud evolution along the trajectory path can be affected by an encounter 318 
with a convective cloud.  To diagnose the convective influence, we trace the BTs through time-319 
varying global convective cloud top altitude fields (described in Section 2.2) to identify 320 
convective cloud encounters along each trajectory path.  Whenever a trajectory intersects a 321 
convective cloud, the column model is saturated up to the cloud top potential temperature.  322 
Convection will hydrate the environment if the column is initially subsaturated, while it will 323 
dehydrate the environment if the column is initially supersaturated.  In situ measurements near 324 
convection indicate frequent supersaturation in the tropical upper troposphere (e.g., Krämer et 325 
al., 2020), while overshooting convection into the lower stratosphere will most likely encounter 326 
dry, subsaturated air.  Deep convection often deposits ice crystals near the cloud top to form 327 
anvil cirrus, but convectively-detrained ice crystals in aging anvils have a relatively minor 328 
impact on TTL humidity (Ueyama et al., 2020).  To quanfity their impact on lower stratospheric 329 
humidity, monodispersed ice crystals of diameter 30 µm with an ice water content of 30 ppmv 330 
are added the column model up to the cloud top potential temperature, as in Ueyama et al. 331 
(2020).  When comparing the simulated water vapor ratios to those of MLS observations, we 332 
apply the MLS averaging kernel on the simulated water vapor profiles on the final day (i.e., BT 333 
launch date) and compare the values at the 83 hPa level. 334 
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The BT method provides direct estimates of the water vapor at the desired locations, 335 
which in this case is the global lower stratosphere.  The limitations of any BT method include the 336 
need to run separate sets of trajectories for each valid time and the lack of mixing between 337 
parcels.  Inter-parcel mixing along the trajectories (which is ignored here) has been found to 338 
potentially increase the humidity of the lower stratosphere particularly around the subtropical jets 339 
in the summer hemispheres (Poshyvailo et al., 2018).  The simulated water vapor mixing ratios 340 
are averaged over the 5º latitude x 5º longitude grid to crudely represent mixing of air parcels.  341 
Furthermore, the BT “curtain” approach assumes no vertical wind shear of the horizontal wind 342 
along the trajectories.  The laminar structure of TTL cirrus clouds clearly suggests the presence 343 
of vertical wind shear in the UTLS region.  However, given the relatively short lifetimes of wide-344 
scale cirrus clouds on the order of 1-2 days (Jensen et al., 2011), the dehydration and rehydration 345 
effects of cloud processes on the water vapor profile appear to be relatively insensitive to vertical 346 
wind shear.  Another drawback is that when ascent rates in the UTLS are relatively slow such as 347 
during summer, BTs need to be sufficiently long for the parcels to traverse through the cold 348 
temperatures near the tropopause.  If a parcel does not descend far enough below the tropopause 349 
(in reverse time), clouds will not form along the trajectory (in forward time) and the initialized 350 
MLS water vapor mixing ratio propagates forward unless the parcel intersects with convection.  351 
Although only ~10% of the summertime parcels at the 390 K potential temperature level descend 352 
below the 370 K level in 75 days, nearly all of the parcels encounters convection and/or form 353 
clouds along the 75-day trajectories such that this should not be an issue for characterizing the 354 
global mean impact of convection.    355 

2.3.2 Forward trajectory (FT) model approach 356 

The forward trajectory (FT) model approach follows the forward domain filling 357 
methodology of Schoeberl and Dessler (2011) and is compared to the BT model approach in 358 
Table 1.  In previous studies, parcels in the FT model were released on a fixed latitude-by-359 
longitude grid at a specified potential temperature surface (typically between 360 and 370 K) just 360 
above the level of zero tropical radiative heating; this ensures that the parcels ascend into the 361 
stratosphere rather than immediately descend back into the lower troposphere.  In this study, 362 
about 40,000 parcels are continuously released every day at each convective cloud top above 330 363 
K (~10 km) over the 40ºS to 40ºN latitude domain.  This method is more consistent with the BT 364 
approach described in Section 2.3.1 where parcels in the lower stratosphere are tracked 365 
backwards in time and intercept convective clouds along their trajectories.  The FT parcels are 366 
initialized with the climatological (2005-15) daily mean MLS water vapor mixing ratio at that 367 
location.  At the end of each day, any parcels that have descended below the 340 K level are 368 
removed, as well as those parcels that have reached the model top at ~2500 K level (about 0.4 369 
hPa or 55 km).  The model reaches a quasi-steady state with ~500,000 parcels after several years 370 
of integration. 371 

The FTs are calculated based on the Bowman trajectory model (Bowman, 1993; Bowman 372 
and Carrie, 2002) using six-hourly horizontal winds and diabatic heating rates from MERRA-2 373 
(Gelaro et al., 2017).  We use a simplified zero-dimensional cloud model that tracks the mean ice 374 
crystal numer density, mass, and size, as well as the water vapor mixing ratio (Fueglistaler & 375 
Baker, 2006; Schoeberl et al., 2014, 2016).  Ice nucleation is triggered when the ice saturation 376 
ratio exceeds a threshold of 1.6, as in the BT approach.  The number of ice nuclei depends on the 377 
cooling rate derived from Kärcher et al. (2006), which are modulated by the same high-378 
frequency gravity wave spectra in the BT approach.  The total ice mass is computed from the ice 379 
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volume mixing ratio and density of ice at the parcel temperature.  Ice particle effective radius is 380 
then calculated by dividing the total ice mass by the number of particles, all of which are 381 
assumed to be spherical.  The simplified cloud model calculates ice crystal growth by deposition 382 
based on temperature, saturation, and partical radius.  It also simulates ice crystal loss by 383 
sedimentation where the sedimentiation loss rate is inversely proportional to the assumed parcel 384 
vertical dimension of 500 m based loosely on CALIOP observations.  One of the important 385 
differences between the backward and forward trajectory model approaches is that the 386 
microphysical scheme of the BT model allows for the sublimation of falling hydrometeors 387 
(Table 1). 388 

Similar to the convective incluence analysis of the BT parcels, convective encounters of 389 
FT parcels are identified by tracking the parcels through the time-varying, satellite-derived 390 
convective cloud top altitude field.  At each convective encounter, the parcel is saturated (i.e., 391 
relative humidity is reset to 100%) and a small amount of ice is added.  The number and size of 392 
convective ice crystals added are based on tropical convection observations of Frey et al. (2014; 393 
see their Table 1).  The water vapor mixing ratios of parcels scattered over the lower 394 
stratospheric domain during the winter and summer months are averaged into fixed latitude-by-395 
longitude grid and compared with seasonal mean MLS water vapor at the 83 hPa level.  This 396 
averaging crudely simulates parcel mixing, as mentioned above. 397 

The FT model approach has the advantage of providing a time series of the full three-398 
dimensional water vapor field throughout the stratosphere from a single simulation.  However, 399 
the FT model does not save the individual parcel paths like the BT model.  Instead, the location 400 
and time of specific events (e.g., last dehydration event or tropopause crossing) are recorded.  401 
The two models are also configured to use different reanalysis fields (Table 1).  The implications 402 
of these model differences are discussed in the next section. 403 

 404 

3 Results 405 

3.1 Winter and summer 2010 406 

3.1.1 Model evaluation 407 

 The 83-hPa water vapor fields in boreal winter and summer 2010 are simulated in the 408 
backward and forward trajectory models and evaluated against their corresponding MLS 409 
observations in Figures 3 and 4.  The BT simulation is for a single day (due to computational 410 
limitations), whereas the MLS and FT model fields are for a seven day period. 411 

The seven-day mean water vapor field centered on 21 February 2010 (i.e., 18-24 412 
February 2010) exhibits significant spatial variability with regional-scale anomalies (Fig. 3a).  413 
The BT model does not place the water vapor anomalies in the exact location as observed by 414 
MLS partly because the simulated water vapor field is for a single day (Fig. 3c).  The magnitude 415 
and location of the water vapor anomalies vary significantly on a weekly basis as well as from 416 
year to year (not shown).  Also, even though the MLS averaging kernel is applied to the 417 
simulated water vapor profiles, the simulated profiles are based on BTs calculated from a single 418 
level (390 K) and thus may not capture relatively shallow water vapor features found in the 419 
observations above and below the BT launch level.  Nonetheless, the large-scale pattern 420 
resembles that of observations with the driest regions over the deep tropics.  The observed 421 
dryness of the southern tropics is underestimated in the BT model, yielding an overall moist bias 422 
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of the BT model in boreal winter (Fig. 3e).  In contrast, the FT model exhibits an overall dry bias 423 
especially in the southern hemisphere (Figs. 3d and f).  Despite these model differences, both 424 
models simulate minimum water vapor over equatorial South America, which coincides with the 425 
region of minimum cold-point tropopause temperature (Fig. 3b).  Differences in the lower 426 
stratospheric water vapor distribution in winter 2010 compared to that of climatology (Fig. 1a) 427 
are partly associated with ENSO variability, as mentioned earlier.   428 

 429 

430 
Figure 3: Lower stratospheric (83 hPa) water vapor field in boreal winter (21 February 2010) as observed 431 
by MLS (a) and simulated in the backward and forward trajectory models (c and d, respectively) . (e and 432 
f) Water vapor difference (model minus MLS) fields.  (b) Cold-point tropopause temperature field from 433 
ERA5 during the same time period.  MLS, ERA5 and FT model data are averaged over seven days 434 
centered on 21 February 2010.  1-2-1 smoothing is applied to all the data for presentation purposes. 435 
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436 
Figure 4: Lower stratospheric (83 hPa) water vapor field in boreal summer (22 August 2010) as observed 437 
by MLS (a) and simulated in the backward and forward trajectory models (c and d, respectively) . (e and 438 
f) Water vapor difference (model minus MLS) fields.  (b) Cold-point tropopause temperature field from 439 
ERA5 during the same time period.  MLS, ERA5 and FT model data are averaged over seven days 440 
centered on 22 August 2010.  1-2-1 smoothing is applied to all the data for presentation purposes. 441 

 442 

 The lower stratospheric water vapor field during boreal summer 2010 (Fig. 4a) consists 443 
of large enhancements over the Asian and North American monsoon regions, as seen in 444 
climatology (Fig. 1).  The seven-day mean water vapor field centered on 22 August 2010 (i.e., 445 
19-25 August 2010) indicates a relatively moist stratosphere over the western and central Pacific, 446 
which may be associated with the transient eastward transport of moist air from the Asian 447 
monsoon region.  The 83-hPa water vapor field simulated in the BT model (Fig. 4c) is dominated 448 
by the elevated water vapor mixing ratios over the Asian monsoon, in agreement with 449 
observations although there are some differences in the placement of these anomalies due to the 450 
simulation being for a single day.  The water vapor enhancement over the North American 451 
monsoon region is not as large or spatially coherent as in observations.  However, it is an 452 
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improvement over the previous simulation using the same model (see Fig. 3 in Ueyama et al., 453 
2018) with ~0.2 ppmv increase in the regional mean water vapor mixing ratio.  The main 454 
difference between the two versions is the modification of the convective cloud top heights over 455 
the northern midlatitudes, as described in Section 2.2.   456 

Lower stratospheric water vapor over the two summer monsoon regions is also enhanced 457 
in the FT model (Fig. 4d), but the model is generally too dry compared to MLS observations 458 
(Fig. 4f).  One possible explanation is that the FT model is underestimating the spread of cirrus 459 
anvils that would widen the convective moistening impact.  A second explanation is that the 460 
height of the convection is underestimated.  The sensitivity of global lower stratospheric water 461 
vapor to convective cloud tops of varying heights over various regions in the two models will be 462 
investigated in a future study.  In the current setting, biases are no more than ~10% of the 463 
observed domain-averaged water vapor mixing ratios in the BT model for both winter and 464 
summer 2010. 465 

Another method for evaluating the models is to compare the simulated cloud fractions to 466 
those observed by CALIOP.  The BT model simulates the cirrus cloud distributions in the UTLS 467 
remarkably well during both seasons with correlation coefficients greater than 0.9, although the 468 
model silghtly overestimates the amount of clouds in both seasons (not shown).  The FT model 469 
also simulates the cirrus cloud distributions reasonably well, but underestimates the cloud 470 
fractions by 30% in winter and 48% in summer 2010 compared to CALIOP measurements.  The 471 
simplified cloud scheme that is coupled to the FT model removes settling particles once they 472 
reach the lower edge of the cloud domain, which would tend to underestimate the cloud 473 
occurrence.  Therefore, we will primarily use the FT model to examine the amplitude of the year-474 
to-year variations in the convective impact relative to its mean, which is expected to be more 475 
robust as it represents the relative contribution of convection on lower stratospheric water vapor 476 
on long (e.g., longer than synoptic-scale) time scales.  Interannual variations in lower 477 
stratospheric water vapor are simulated well in the FT model, as will be shown in Section 3.2. 478 

 479 

3.1.2 Convective impact  480 

To investigate the impact of convection on lower stratospheric humidity, we have also 481 
run a set of simulations without the convective effects.  In the “no convection” simulations, 482 
trajectory intersections with convection are simply ignored (i.e., no changes are made to the 483 
water vapor or ice at that time).  The convective impact on lower stratospheric water vapor is 484 
then quantified by subtracting the 83-hPa water vapor mixing ratios simulated without 485 
convection from those simulated with convection of their respective models.   486 
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 487 

Figure 5: Impact of convection on the lower stratospheric (83 hPa) water vapor field during (left) winter 488 
and (right) summer 2010 based on the backward trajectory model approach: impact of (a, b) all 489 
convective clouds above 350 K, (c, d) convective cloud tops above the local cold-point tropopause, and 490 
(e, f) diurnal peak in convective cloud top height. 491 

 492 

The convective impact on lower stratospheric water vapor during winter and summer 493 
2010 estimated from the BT model is shown in Figure 5.  It is evident that the overall effect of 494 
convection is a moistening of the lower stratosphere (Figs. 5a and b).  In winter, convective 495 
hydration occurs mostly south of the equator with largest moistening over northern Australia 496 
where the relatively frequent deep convection occurs.  Convective impact is minmal over the 497 
cold temperature region of the western tropical Pacific because convectively-injected water 498 
vapor and ice are quickly removed by the freeze-drying process.  In summer, convection 499 
increases the humidity over the Asian monsoon region by ~1 ppmv (regional mean increase of 500 
30%), dominating the global convective impact.  Convective moistening over the North 501 
American monsoon region is not as large (0.2 ppmv corresponding to a regional mean increase 502 
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of 5%) as that over the Asian monsoon and focused over the eastern tropical Pacific.  Northern 503 
Africa is also moistened by convection, contributing to the (BT) model moist bias compared to 504 
MLS observations (Fig. 3f). 505 

The domain-averaged moistening is about 0.3 ppmv or 10% in both seasons (0.28 ppmv 506 
in winter, 0.32 ppmv in summer), in agreement with Schoeberl et al. (2014).  Sensitivity 507 
simulations with the BT model indicate that convection moistens the lower stratosphere by 508 
increasing the relative humidity of the subsaturated environment; the impact of convectively-509 
detrained ice crystals in aging anvils is small, in agreement with Ueyama et al. (2020) for the 510 
winter TTL.  The convective impact is larger (i.e., approximately 0.4 ppmv in winter and 0.6 511 
ppmv in summer) and more spatially uniform in the FT model (not shown).  It is reasonable to 512 
expect some differences in the results based on the backward and forward trajectory models due 513 
to differences in the modelling approaches (Table 1).  First, the two models use different 514 
reanalysis fields for calculating the trajectories and for simulating the cloud processes.  Ideally, 515 
the two models will use the same reanalysis data, but the models are each set up to run with 516 
specific reanalysis products.  The BT model is configured to use high-resolution ERA5 data over 517 
a short time period, while the FT model is configured to use lower resolution MERRA-2 data 518 
over multiple years.  Tegtmeier et al. (2020) investigated the differences in the TTL temperature 519 
and tropopause characteristics from various reanalyses data and found that TTL temperatures 520 
from ERA5 are colder (by ~0.5 K) than those of MERRA-2 in the climatological mean as well as 521 
in year 2010.  This suggests that differences in the temperature data alone would yield a drier 522 
lower stratosphere in the BT model using ERA5 temperatures than in the FT model using 523 
MERRA-2 temperatures, opposite of our findings.  Second, a few of the BTs terminate in 524 
stratospheric locations, and thus will be wetter than the FTs that move through the tropopause.  525 
Third, as noted earlier, the microphysical scheme of the BT model allows for the sublimation of 526 
falling hydrometeors.  The overall moistening of the UTLS by this effect in the BT model likely 527 
counteracts the differences due to the reanalysis temperatures.  Fourth, the different heating rates 528 
could impact the model results.  Sensitivity simulations using ERA5 heating rates in the BT 529 
model suggest that the convective impact on lower stratospheric water vapor varies by only a 530 
few percent in winter and summer 2010.  Overall, the differences in the two models provide us 531 
with some assessment of the uncertainty in the calculation. 532 

To evaluate the importance of extreme deep convection overshooting the local 533 
tropopause on global lower stratospheric water vapor budget, we run the BT model with 534 
convective cloud tops capped at the cold-point tropopause altitudes derived from ERA5 535 
reanalysis data.  We find that convection overshooting the cold-point tropopause increases global 536 
lower stratospheric humidity by only 1% in boreal winter and summer 2010 (Figs. 5c and d), 537 
which is an order of magnitude smaller than the total convective impact of 10%.  Regionally, 538 
tropopause-overshooting convection moistens the lower stratosphere over the Asian monsoon 539 
region by ~6% during summer.  The largest impact during winter is observed over northern 540 
Australia and southeastern coast of South America, which correspond to the regions of frequent 541 
extreme deep convection.  While the overall effect of tropopause-overshooting convection is a 542 
small moistening of the lower stratosphere, subsequent dehydration may occur if convectively-543 
influenced parcel encounters supersaturated air downstream of convection; in this case, water 544 
vapor in excess of saturation condenses on convectively-detrained ice crystals, and the humidity 545 
of the environmental air is brought down to saturation.  The small impact of tropopause-546 
overshooting convection on lower stratospheric water vapor is consistent with the infrequent 547 
occurrence of these events (approximately 5% and 8% of all convective clouds in winter and 548 
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summer, respectively) and the findings of Jensen et al. (2020).  In general, the globally averaged 549 
lower stratospheric water vapor exhibits weak sensitivity to small (on the order of a kilometer) 550 
changes in the height of the global convective cloud tops (not shown).   551 

Convection exhibits a distinct diurnal cycle with a large peak around 1630 local time over 552 
land and a smaller peak at around 0430 local time over the ocean (Liu & Liu, 2016; Liu & 553 
Zipser, 2005.  We examine the impact of the diurnal peak in convective cloud top altitudes by 554 
first constructing time-varying global convective cloud top altitude data without the diurnal peak 555 
in convection: the three-hourly convective cloud top altitudes (00, 03, 06, 09, 12, 15, 18, 21Z) on 556 
a given day are replaced with the cloud top altitude at 00Z of that same day.  We then trace the 557 
backward trajectories through this modified convection dataset to examine the sensitivity of 558 
lower stratospheric humidity to the diurnal peak in convective cloud top altitudes.  We find that 559 
the diurnal peak in convection moistens the lower stratosphere by approximately 0.1 ppmv in 560 
winter and 0.3 ppmv in summer (Figs. 5e and c).  In other words, the diurnal peak in convection 561 
is responsible for about half of the total convective moistening of the lower stratosphere during 562 
winter and nearly all of the convective moistening during summer.  The impact of the diurnal 563 
variability of convective cloud tops over various regions will be explored in detail in a future 564 
study. 565 

 566 

3.2 Interannual variability 567 

 In this section, we use the FT model to examine the year-to-year variability in lower 568 
stratospheric water vapor as well as the variations in the convective impact.  The time series of 569 
domain-averaged water vapor mixing ratios at the 83 hPa level in winter and summer of each 570 
year from 2006 to 2016 are shown in Figure 6.  The model captures the year-to-year variability 571 
in lower stratospheric water vapor remarkably well, as seen by the good agreement with MLS 572 
observations.  During this time period, the global lower stratospheric water vapor varied between 573 
~2.8 to ~4 ppmv in winter and between ~3.5 to ~4.3 ppmv in summer.  Winter 2010 appeared to 574 
have been an average year, whereas summer 2010 appeared to have been a relatively moist year 575 
during this time period. 576 

 Also shown are domain-averaged water vapor mixing ratios in the simulation without 577 
convection (blue lines).  As expected, the lower stratosphere in the simulation without 578 
convection is much drier than that of the simulation with convection.  However, even without the 579 
impacts of convection, lower stratospheric water vapor varies in a similar manner as the 580 
observations with coincident peaks and valleys.  This suggests that the interannual variability in 581 
global lower stratospheric water vapor is largely controlled by processes other than convection, 582 
namely by TTL temperatures as found by many previous studies (Fueglistaler et al., 2009; 583 
Randel et al., 2004; Randel & Park, 2019).  Based on the linear correlations between the 584 
observed and simulated water vapor time series, we estimate that convection explains 585 
approximately 10% (30%) of the total variance in MLS water vapor during winter (summer) over 586 
this time period. 587 
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 588 

Figure 6: Time series of the domain averaged (30°S-30°N for winter, 20°S-50°N for summer) lower 589 
stratospheric water vapor mixing ratio during (a) winter and (b) summer 2006-2016: MLS observations 590 
(black), model without convection (blue), and model with convection (red).  Winter is the average of 591 
December through February of the year of January, and June through August is represented as the summer 592 
value. 593 

 594 

The year-to-year variations in the convective impact on the global lower stratospheric 595 
water vapor budget is quantified by calculating the water vapor difference fields (i.e., simulation 596 
with convection minus simulation without convection) for each season and year.  The domain-597 
averaged differences are plotted in a time series for winter and summer separately in Figure 7.  598 
When compared to the time series of lower stratospheric water vapor (Fig. 6), we find that 599 
winters/summers with relatively large convective impact generally correspond to 600 
winters/summers with relatively moist stratosphere (e.g., winters 2007, 2011 2014 and 2016; 601 
summers 2007, 2010 and 2014) and vice versa.  The relationship is less clear during winter 602 
compared to summer.  Overall, the FT model simulations suggest that convection increases water 603 
vapor by approximately 0.45 ppmv in winter and 0.62 ppmv in summer, with a standard 604 
deviation of 0.15 and 0.10 ppmv, respectively.  The amplitudes of the interannual variations in 605 
the convective impact in boreal winter and summer are therefore approximately 35% and 17% of 606 
their respective means.  Combining these results with those based on the BT model (i.e., domain-607 
averaged moistening is about 0.3 ppmv), we estimate the impact of convection on the global 608 
lower stratospheric water budget to be approximately 0.3 with year-to-year variations of 0.05 to 609 
0.1 ppmv during 2006-16. 610 

 611 
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 612 

Figure 7: Year-to-year variability of the domain-averaged (30°S-30°N for winter, 20°S-50°N for summer) 613 
convective impact on the lower stratospheric water vapor mixing ratio during winters (black) and 614 
summers (red) 2006-16. The long-term mean convective impact in the two seasons is shown (in ppmv). 615 
Winter is the average of December through February of the year of January, and June through August is 616 
represented as the summer value. 617 

 618 

4 Discussion 619 

 The results of this study clearly show that convection in the upper troposphere hydrates 620 
the lower stratosphere.  Our results further demonstrate the limited role of extreme deep 621 
convection overshooting the tropopause on the global lower stratospheric water vapor budget.  622 
Given the infrequent occurrence of convective clouds that extend above the tropopause, the 623 
primary mechanism of convective moistening of the lower stratosphere must be through the 624 
detrainment of saturated air and ice into the tropical uppermost troposphere.  How can 625 
moistening of the upper troposphere affect stratospheric water vapor when observations suggest 626 
that stratospheric water vapor mixing ratio is primarily controlled by the cold-point tropopause 627 
temperature (e.g., Randel & Park, 2019)?   628 

Aircraft observations in the TTL (e.g., Jensen et al., 2017) indicate that a significant 629 
fraction of air near the tropopause is subsaturated.  The water vapor mixing ratio of the 630 
subsaturated air parcel near the tropopause is primarily determined by moistening and drying 631 
events that occur below the tropopause.  Convection shifts the relative humidity distribution of 632 
subsaturated air parcels in the upper troposphere toward higher relative humidity values, and thus 633 
increases the water vapor in the stratosphere.   634 

As evidence of this process, Figure 8 shows the relative humidity distribution of FT air 635 
parcels in the upper TTL (100 hPa; between 60°-180°E and 25°S - 25°N) during winter and 636 
summer 2010.  In both seasons, the relative humidity distribution shifts to higher values for the 637 
simulation with convection.  The distribution is quite similar to that observed during NASA 638 
Airborne Tropical Tropopause Experiment (ATTREX; Jensen et al., 2017) except that the peak 639 
at 100% relative humidity is broader and higher in the observations compared to the model. 640 
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 641 

 642 

Figure 8: Relative humidity distributions of parcels in the forward trajectory model simulations for (top) 643 
winter and (bottom) summer 2010: model without convection (black), and model with convection (red).  644 
The relative humidity distribution is calculated for parcels at the 100 hPa level between 60°E and 180°E, 645 
and 25°S to 25°N.  Vertical lines indicate the mean of each distribution. 646 

 647 

5 Summary and Conclusions 648 

Two complementary modeling approaches are used to investigate the impact of 649 
convection on the global lower stratospheric water vapor budget.  The backward trajectory 650 
method provides direct estimates of the water vapor in the global lower stratosphere at a given 651 
valid time.  The forward trajectory method provides a time series of the full three-dimensional 652 
water vapor field throughout the stratosphere from a single simulation permitting calculations of 653 
the interannual variability of stratospheric water vapor.  One of the important differences 654 
between the backward and forward trajectory model approaches is that the backward trajectory 655 
model is coupled to a detailed cloud microphysical scheme that properly treats the vertical 656 
redistribution of water vapor by ice crystals.  We therefore use the backward trajectory model to 657 
estimate the magnitude of the convective impact during boreal winter and summer 2010, and use 658 
the FT model to examine the relative amplitude of the year-to-year variations in the convective 659 
impact.  Despite their different approaches, both models simulate the lower stratospheric water 660 
vapor field in boreal winter and summer 2010 reasonably well.   661 

The backward trajectory model indicates that convection moistens the lower stratosphere 662 
by about 0.3 ppmv (0.28 ppmv in winter, 0.32 ppmv in summer), which accounts for 663 
approximately 10% of the global lower stratospheric humidity (11% in winter, 9% in summer), 664 
in agreement with past studies (e.g., Schoeberl et al., 2014; Ueyama et al., 2014, 2015).  665 
Convection has a larger (~1 ppmv or regional mean increase of 30%) impact on the humidity of 666 
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the lower stratosphere at the 83 hPa level over the Asian summer monsoon region.  In both 667 
seasons, most of the convective moistening is associated with the rapid saturation of the 668 
convectively-influenced atmospheric column rather than by the sublimation of convectively-669 
detrained ice crystals in aging anvils.  Global lower stratospheric humidity exhibits weak 670 
sensitivity to small changes in the height of the global convective cloud tops, including to 671 
extreme deep convection overshooting the cold-point tropopause which increases global lower 672 
stratospheric humidity by only 1% in both seasons.  The diurnal peak in convection accounts for 673 
about half of the total convective moistening of the lower stratosphere during winter and nearly 674 
all of the convective moistening during summer. 675 

Simulations with the forward trajectory model show that the interannual variability in 676 
global lower stratospheric water vapor during 2006-16 is largely controlled by processes other 677 
than convection (i.e., TTL temperatures).  Convection contributes between 0.05 and 0.1 ppmv of 678 
the year-to-year variability in stratospheric water vapor.  Years with with relatively large 679 
convective impact generally correspond to years with relatively moist stratosphere, and vice 680 
versa.  Combining the forward trajectory model results with those based on the backward 681 
trajectory model, we estimate the impact of convection on the global lower stratospheric water 682 
vapor budget to be a moistening of approximately 0.3 with year-to-year variations of up to 0.1 683 
ppmv during 2006-16. 684 

Analyses of parcel relative humidities in the forward trajectory model show that 685 
convection in the upper troposphere shifts the relative humidity distribution of upper 686 
tropospheric parcels towards higher humidities.  Some of these parcels in the upper troposphere 687 
with high relative humidities do not undergo ice nucleation during their ascent, and ultimately 688 
increase the globally averaged stratospheric water vapor.  In other words, the dominant 689 
mechanism of convective hydration of the lower stratosphere is via the detrainment of saturated 690 
air and ice into the tropical uppermost troposphere, followed by ascent into the stratosphere.  691 
Extreme deep convection overshooting the tropopause, which is rare relative to convection 692 
reaching the upper troposphere, has minimal impact on the global lower stratospheric water 693 
vapor budget. 694 

 In summary, the impact of convection on the global lower stratospheric water vapor 695 
budget is realtively small in the current climate, although it can be much larger on a regional 696 
basis such as over the summer monsoon regions.  Our results suggest that a convective impact on 697 
the global lower stratospheric humidity of more than 10% would require significant changes in 698 
global convective activity from the current climate.  Nonetheless, as the summer monsoon 699 
anticyclone and convection have been shown to substantially influence the distribution of trace 700 
gases in the UTLS (Dethof et al., 1999; Garny & Randel, 2016; Gettelman et al., 2004; Jensen et 701 
al., 2020; Orbe et al., 2015; Pan et al., 2016; Randel & Park, 2006; Randel et al., 2012; Santee et 702 
al., 2017; Schwartz et al., 2013; Smith et al., 2017), a significant change in monsoon convection 703 
and/or cirrus cloud distribution in future climate could potentially have a measureable effect on 704 
the composition of the stratosphere.  705 
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