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Abstract Deep convection detraining in the uppermost tropical troposphere is capable of transporting
water vapor and ice into the tropical tropopause layer (TTL), but the impact of deep convection on the
global and regional TTL water vapor budget remains uncertain. In particular, the role of convectively
detrained ice crystals that remain suspended after active convection has subsided is not well understood.
These ice crystals represent aging cirrus anvils detached from the convective core. We use a cloud
microphysical model that tracks individual ice crystals throughout their lifetimes to quantify the impact of
detrained ice on the humidity of the TTL during boreal winter. Convective influence of air parcels near the
wintertime cold point tropical tropopause is determined by tracing thousands of backward trajectories
through satellite‐derived, global, 3‐hourly convective cloud‐top altitude fields. Detrained ice, most of which
is found over the tropical western Pacific, experiences cooling on the order of 1 K day−1 downstream of
convection. Downstream cooling increases relative humidity and explains the observed supersaturated TTL
over this region. Vapor in excess of saturation condenses onto the detrained ice, which ultimately brings the
relative humidity down to saturation. Thus, convectively detrained ice crystals in aging anvils
predominantly dehydrate the TTL, but the effect is small (0.01 ppmv). Moistening by active convection
(0.30 ppmv), including the rapid sublimation of convectively lofted ice crystals near the tops of core anvils,
overwhelms the dehydration by aging anvil ice crystals detrained from the core. The net effect is moistening
by convective core anvils during boreal winter.

Plain Language Summary Tall towering clouds in the tropics are capable of transporting water
vapor and ice crystals upward to an otherwise dry region of the atmosphere. Some ice crystals remain
suspended in the upper atmosphere long after the cloud tower has collapsed, but their impact on the
humidity of the upper atmosphere is unknown. We use a computer model to simulate the life cycle of these
ice crystals to show that they generally dry the tropical atmosphere at 14–19 km during boreal winter by a
small amount. This is because most of the ice crystals from tall towering clouds originate over the tropical
western Pacific where they experience cooling, causing them to grow by extracting moisture from the
surrounding atmosphere. Moistening of the environment by the cloud tower itself is much larger than the
drying effect of suspended ice crystals in boreal winter. Even a small change in the humidity of the upper
atmosphere above ~17 km significantly affects Earth's climate. Therefore, it is important to understand the
processes that affect the humidity of tropical air at these altitudes, including temperature changes
downstream of tall towering clouds that determine the fate of ice crystals ejected from these clouds.

1. Introduction

The tropical troposphere is characterized by strong deep convection over the continents and the western
Pacific Ocean that transports and redistributes energy, water vapor, and other trace constituents throughout
the atmosphere up to the convective outflow altitude of about 12–14 km (Folkins & Martin, 2005). Even
stronger convection, while less frequent, can at times reach the tropical tropopause level ~17 km or beyond
(Danielsen, 1993; Zipser et al., 2006), raising the possibility of its impact on the composition of the tropical
tropopause layer (TTL) (Fueglistaler et al., 2009) and the stratosphere (Corti et al., 2008; Danielsen, 1982;
Kritz et al., 1993). This study focuses on the impact of deep convection on the humidity of the TTL near
the wintertime cold point tropopause.
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There has been considerable debate regarding the extent to which strong deep convection extending into the
TTL may affect stratospheric humidity. To first order, stratospheric water vapor is controlled by the freeze
drying of air transiting through the cold tropical tropopause in the tropical upwelling branch of the
large‐scale stratospheric Brewer‐Dobson circulation (Brewer, 1949). However, various modeling studies
have shown that small‐scale processes such as waves, cloud microphysics and radiative heating, and convec-
tion all regulate TTL humidity to varying degrees (Bonazzola & Haynes, 2004; Dinh & Fueglistaler, 2014;
Jensen & Pfister, 2004; Liu et al., 2010; Schoeberl et al., 2014, 2016, 2018; Schoeberl & Dessler, 2011;
Ueyama et al., 2015, 2018). Although these processes are of secondary importance compared to the tropical
tropopause temperature, their relative contributions vary regionally and seasonally. In particular, convec-
tion in the uppermost troposphere can significantly modulate the humidity of the TTL and possibly of the
stratosphere as well, if convection reaches or overshoots the cold point tropopause. Even small amounts
of water vapor in the stratosphere can significantly impact the radiative energy budget (Forster &
Shine, 2002; Riese et al., 2012; Solomon et al., 2010) and stratospheric ozone chemistry (Dvortsov &
Solomon, 2001; Stenke & Grewe, 2005; Vogel et al., 2011), and thus, understanding the detailed processes
and accurately simulating them in chemistry‐climatemodels is of key importance. Comprehensivemodeling
of the TTL has so far proven to be challenging.

Analysis of the convective impact is complicated by the fact that convection can either hydrate or dehydrate
the TTL under different scenarios. On the one hand, deep convection cools the cold point tropopause, which
can enhance dehydration (Kim et al., 2018; Kuang & Bretherton, 2004; Robinson & Sherwood, 2006). On the
other hand, deep convection can moisten the TTL by directly transporting water vapor and ice, even across
the tropopause in some cases (Chaboureau et al., 2007; Corti et al., 2008; Danielsen, 1993; Dessler et al., 2007;
Grosvenor et al., 2007; Krämer et al., 2020; Nielsen et al., 2007; Schiller et al., 2009; Sherwood &
Dessler, 2001; Smith et al., 2017). Global trajectory analyses with convective influence have demonstrated
that convection generally hydrates the TTL and the lower stratosphere (Schoeberl et al., 2014, 2018, 2019;
Ueyama et al., 2015, 2018), but the relative contributions of convective hydration and the large‐scale circula-
tion to the regional water vapor budget in different seasons are still poorly constrained.

A key element of the convective process that is often ignored or misrepresented in models is the convectively
detrained ice crystals. Convection saturates the air within the convective plume by transporting relatively
moist boundary layer air upward and by the adiabatic cooling of lofted air. Additionally, convective updrafts
transport ice crystals to the convective cloud‐top altitude. Observations of ice crystals above the tropical cold
point tropopause (Corti et al., 2008; Krämer et al., 2020; Nielsen et al., 2007; Schiller et al., 2009) and the
observed enrichment of water vapor isotopes in the TTL and lower stratosphere (Johnson et al., 2001;
Keith, 2000; Moyer et al., 1996; Randel et al., 2012) are consistent with detrainment of ice from overshooting
convection. A model study by Jensen et al. (2007) showed that the impact of detrained ice is determined by
the relative humidity with respect to ice in the TTL: If the TTL is initially subsaturated, ice crystals lofted
from deep convection will sublimate and rehydrate the air, whereas deep convection into supersaturated
TTL air will dehydrate, as vapor in excess of saturation condenses on the ice crystals. Accordingly, some
of the convectively detrained ice crystals in the TTL will sublimate or grow to establish or maintain satura-
tion (i.e., ice saturation ratio of unity) in the anvil.

Entrainment of subsaturated or supersaturated environmental air is rampant at the tops of fresh deep con-
vection, which presumably drives significant sublimation or deposition growth of detrained ice crystals
within the active convective plume and fresh anvil. Active convection generally collapses within a few hours,
but cirrus anvils can persist much longer (Mace et al., 2006; Pfister et al., 2001), leaving behind detrained ice
crystals that can be transported away from the original convective event. Thus, in essence, the total impact of
deep convection on TTL humidity can be separated into two parts: (i) near‐instantaneous convective satura-
tion (which may include the rapid growth or sublimation of lofted ice crystals within the plume and fresh
anvil) and (ii) the delayed impact of detrained ice crystals in aging anvils detached from the convective core.
The first effect is commonly referred to as “convective moistening” as deep convection into the TTL often
entrains subsaturated air which causes ice crystals to sublimate and moisten the TTL in convective core
anvils. However, we prefer to use the term “convective saturation” in order to include convective dehydra-
tion events in supersaturated TTL air. The focus of this study is on the second effect: aging anvil ice crystals
detrained from the convective core. In situ measurements have provided evidence of detrained ice crystals
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some distance from the original convection (Nielsen et al., 2007), but our knowledge of their impact on TTL
humidity is limited. This is because quantifying their impact requires a consideration of the variability on a
wide range of scales encountered by the detrained ice crystals throughout their lifetimes. These processes
include, but not limited to, submesoscale cloud motions driven by cloud radiative heating, mesoscale
dynamics associated with the convection, and synoptic‐scale systems that affect the evolution of the ice
cloud downstream of the convection.

Some studies have argued that convectively lofted ice crystals can significantly moisten the lower strato-
sphere (Avery et al., 2017; Dessler et al., 2007, 2016; Wang et al., 2019; Ye et al., 2018), while other studies
have found negligible impact of these ice crystals on the TTL and stratospheric humidity (Schoeberl
et al., 2018; Ueyama et al., 2018). We will show that the detrained ice impact on TTL humidity during boreal
winter is negligible or rather a very slight dehydration. We argue that the apparent discrepancy between our
study's results and those of other studies that find significant moistening by detrained ice is primarily
because of the different definitions of the detrained ice effect. With the exception of some recent work
(Schoeberl et al., 2018; Ueyama et al., 2015, 2018), most other studies (e.g., Dessler et al., 2007; Ye et al., 2018)
define the detrained ice effect to include the rapid moistening by deep convection, which may include the
sublimation of lofted ice crystals within the (subsaturated) convective core anvil. These studies neglect the
impact of detrained ice crystals that remain after active convection has subsided.

The goal of this study is to quantify the impact of convectively detrained ice crystals that persist after active
convection has subsided (hereafter referred to as “detrained ice”) on the global and regional humidity in the
TTL. We consider ice crystals that are detrained from deep convection penetrating the TTL, some of which
may overshoot the cold point tropical tropopause. The detrained ice simulated in this study represents aging
cirrus anvils that are detached from the convective core. We use a cloud microphysical model that tracks
individual ice crystals throughout their lifetimes and calculates their effect on the TTL humidity.
Mesoscale dynamics driven by the convection and cloud‐scale motions driven by cloud radiative heating
are not included in our simulations but could be important as they impact temperatures in the vicinity of
convective systems. We also assume that all convective influence events occur with relatively old clouds that
remain after entrainment near the tops of fresh convection has largely subsided (i.e., about a few hours). This
is a reasonable assumption since the time scale of convective formation of the cirrus anvil is much shorter
than the time scale of the decay of the anvil which is on the order of 6 to 12 hr based on cirrus cloud observa-
tions at the islands of Manus and Nauru in the western and central equatorial Pacific (Mace et al., 2006). We
discuss the implications of these assumptions on this study's results in section 4.

The paper is structured as follows: Section 2 describes the data sets used and methodology employed.
Section 3 presents the results of one‐dimensional cloud microphysical model driven by time‐height curtains
of ERA‐Interim temperatures along thousands of parcel trajectories launched backward from the tropics
near the tropical mean cold point tropopause level. Convective influence is determined by tracing the trajec-
tories through satellite‐derived convective cloud‐top altitude fields. Sensitivities of the detrained ice impact
on TTL humidity to ice size distribution and ice water content are examined in an idealized model; these
results are also discussed in section 3. Section 4 summarizes the results of this study and discusses them
in the context of previous works.

2. Data and Analyses

Cloud processes are simulated using a one‐dimensional (vertical) Lagrangian model driven by meteorologi-
cal reanalysis temperature field. This approach generally follows the methodology described in Jensen and
Pfister (2004), Ueyama et al. (2014, 2015, 2018), and Jensen et al. (2017), but the cloudmodel was modified to
track and record detrained ice crystal properties throughout their lifetimes. We also run a set of idealized
simulations to quantify the sensitivity of the detrained ice impact to various parameters. The following sec-
tions describe these methods in detail.

2.1. Convectively Influenced Trajectory Calculations

The first step of this study is to calculate 60‐day backward diabatic trajectories on 1 February 2007 from a 2°
longitude × 2° latitude grid of points in the 30°S to 30°N domain at the 378 K potential temperature level.
The 378‐K level in boreal winter corresponds to the 93‐hPa level near the wintertime cold point
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tropopause and is characterized by a region of minimum temperatures in the tropical Pacific centered
around the dateline, as shown in Figure 1a. Trajectories are calculated using horizontal wind data from
the 6‐hourly interim reanalysis of the European Centre for Medium‐range Weather Forecasts (ERA‐
Interim: Dee et al., 2011) and offline radiative‐transfer calculations of tropical radiative heating rates (i.e.,
vertical motion) of Yang et al. (2010) merged with extratropical radiative heating rates from ERA‐Interim
averaged over the three boreal winter months (December 2006 to February 2007). Although the pathway
uncertainties of individual trajectories are large over time scales of weeks, thousands of trajectories are
averaged over the tropics to statistically represent the transport characteristics within the TTL (Bergman
et al., 2016). The results presented in this study are not sensitive to the day‐to‐day variability of the
backward trajectory starting date (i.e., 29 January to 4 February 2007). As discussed in Ueyama
et al. (2015, 2018), the coarse (monthly) temporal resolution of the Yang et al. (2010) heating rates due to
the need to aggregate the sparse satellite cloud measurements is a clear disadvantage. However, vertical
transport through the TTL is slow (mean ascent rates of approximately 0.3 mm s−1 corresponding to a
vertical transport time scale through the TTL on the order of 1–2 months), and the cloud impacts on TTL
humidity build up over periods of weeks. Radiative heating rate estimates from satellite cloud
observations are likely to be more suitable for this study than model‐based heating rates (Randel &
Jensen, 2013), and thus, we used the monthly mean Yang et al. (2010) heating rates available over the
tropics.

Figure 1. Boreal winter (December 2006 to January 2007) (a) mean temperature (color shading) and wind (vectors) fields
at the 93‐hPa level from ERA‐Interim and (b) occurrence frequencies of deep convective cloud tops ≥ 378 K.
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We then extract vertical profiles (from the 350‐ to 430‐K potential temperature levels) of ERA‐Interim tem-
peratures along each of the trajectories to generate time‐height “curtains” of temperature that are used to
drive the cloud microphysical model, as explained in section 2.2. An important consideration when calculat-
ing the trajectories and generating the temperature curtains is the effect of atmospheric waves that are not
resolved in the reanalysis data. To account for this, the interpolation technique of Kim and Alexander (2013)
is applied to the ERA‐Interim data to recover the degraded wave‐driven variability in the TTL. This scheme
has been shown to also lower the cold point tropopause temperature by 0.3 K in the tropical mean, which is
responsible for lowering the tropical mean, 100‐hPa level water vapor mixing ratio by 0.46 ppmv during bor-
eal winter (Ueyama et al., 2015). We note that the ERA‐Interim temperatures in the TTL tend to have a slight
cold bias of similar magnitude associated with the fast ascent across the tropical tropopause (Dee et al., 2011),
but this cold bias will only contribute to the overall model dry bias (see section 3.1) and not affect the results
of sensitivity simulations regarding the impact of convection on TTL humidity. High‐frequency gravity
waves with periods less than 1/2 day are not resolved in the reanalysis data even after applying the Kim
and Alexander (2013) interpolation scheme. In general, high‐frequency gravity waves have minimal impact
on TTL humidity (Fueglistaler & Baker, 2006; Schoeberl et al., 2014, 2015; Ueyama et al., 2015), but they
affect cloud microphysical properties such as ice number concentrations and ice crystal size distributions
produced by homogeneous ice nucleation (Dinh et al., 2016; Jensen & Pfister, 2004; Schoeberl et al., 2015).
High‐frequency gravity waves have been shown to increase the occurrence of in situ formed clouds due to
their modulation of the cooling rates (Schoeberl et al., 2015, 2016; Ueyama et al., 2015), but the impact of
these waves on the detrained ice crystal life cycle is less clear. It is conceivable that these waves could hasten
the sublimation of detrained ice in marginally subsaturated environment by permitting complete sublima-
tion of ice crystals in warm phases of the waves that are associated with positive temperature excursions.
Here we add the effects of high‐frequency gravity waves on TTL temperatures using the gravity wave spectra
calculated from pressure perturbations recorded by Project Loon's lower stratospheric superpressure bal-
loons (Schoeberl et al., 2017). The wave amplitudes below the tropopause are attenuated to a value less than
half of their tropopause amplitude (i.e., 0.35 K at 15 km) tomatch the vertical structure of tropical waves ana-
lyzed by Kim and Alexander (2013). This study's results using the modified balloon‐based gravity wave spec-
tra are similar to those using the climatological mean high‐frequency gravity wave spectra described in
Jensen and Pfister (2004).

To determine the convective influence of the parcels, trajectories are traced through time‐dependent
(3‐hourly) fields of convective cloud‐top height; the time and location (longitude, latitude, and altitude) of
convective clouds that intersect each trajectory are recorded (Schoeberl et al., 2018, 2019; Ueyama et al., 2014,
2015, 2018). Convective cloud tops are estimated using global rainfall measurements, geostationary infrared
satellite imagery, and temperature analyses (Bergman et al., 2012; Pfister et al., 2001). First, rainfall measure-
ments from Tropical Rainfall Measuring Mission and Global Precipitation Measurement are used to distin-
guish convective clouds from in situ formed cirrus clouds. Rain rate thresholds used for identification of
convection (i.e., 0.9 and 1.5 mm hr−1 over land and ocean, respectively) are adjusted to statistically match
combined CloudSat and Cloud‐Aerosol Lidar with Orthogonal Polarization observations of deep convective
cloud‐top height frequency. Second, the analysis temperature profiles are modified above the analysis
tropopause by calculating a profile that is a mixture of (70%) tropopause air and (30%) environmental air,
broadly consistent with the observed cooling effect of convection near the tropopause (Chae et al., 2011;
Selkirk, 1993; Sherwood et al., 2003). The altitude of the infrared brightness temperature in the modified
temperature profile is then defined as the cloud‐top altitude. Lastly, the cloud‐top altitudes are adjusted
for known biases in infrared cloud‐top temperature (Minnis et al., 2008; Sherwood et al., 2004) by uniformly
adding 1 km to the cloud‐top altitudes. Convective cloud‐top heights derived by this methodology capture
the extreme deep convective systems that are often underestimated in global model convective parameteri-
zations (e.g., Schoeberl et al., 2018). Proper representation of these deep convective systems that reach the
upper TTL and into the lower stratosphere is critical for evaluating the impact of convection and its
detrained ice crystals on TTL water vapor and the humidity of air entering the stratosphere.

Figure 1b shows the occurrence frequency of deep convective cloud‐top altitudes at or above 378 K during
boreal winter 2006–2007. Cloud occurrences are calculated over 10° longitude by 10° latitude grid boxes
to increase the sample size within each grid box. Deep convection occurs frequently over the western tropical
Pacific to the west of the minimum temperature region, consistent with the relationship between convective
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forcing and global‐scale temperature response near the tropopause associated with vertically propagating
Kelvin waves above the convective region (Randel & Wu, 2005). Winds in this region at the 93‐hPa level
are weak and easterly in boreal winter 2007, diverging from the minimum temperature region. A pair of
anticyclones is observed off of the equator in the western Pacific, straddling the region of deep convection,
consistent with the Matsuno‐Gill model of steady‐state response to a stationary, equatorial heat source
(Gill, 1980; Matsuno, 1966). Besides the western tropical Pacific, deep convective cloud tops are also
observed frequently in smaller regions over northern Australia, southern Africa, and South America.

2.2. Cloud Microphysical Model and Detrained Ice Tracking

Time‐height “curtains” of temperature and heating rate are used to drive the one‐dimensional (column)
cloud microphysical model that simulates cloud ice processes such as nucleation, deposition growth, sedi-
mentation, and sublimation along the trajectories between 350‐ and 430‐K potential temperature levels.
Homogeneous ice nucleation is triggered when the relative humidity with respect to ice (i.e., ice saturation
ratio) exceeds a threshold of ~1.6 (Koop et al., 2000). Heterogeneous ice nucleation that occurs at moderate
supersaturations is not included in these simulations, but Ueyama et al. (2015) have shown that the effect of
heterogeneous nucleation (as opposed to homogeneous nucleation) on TTL water vapor is small: dehydra-
tion effect of 0.05 ppmv in the tropical mean at the 100‐hPa level in boreal winter. The model tracks the sizes
and heights of thousands of individual ice crystals to represent clouds. Ice crystals are assumed to be in ther-
mal equilibriumwith the ambient air. Water vapor is treated using an Eulerian grid, and the water exchange
between the vapor and condensed phases is computed. Vertical advection of water vapor and ice crystals is
diagnosed using the heating rate curtains. The model is initialized with the 7‐day mean Microwave Limb
Sounder (MLS) water vapor profile averaged over the 5° longitude × 5° latitude grid box nearest to the parcel
location at the earliest day of the trajectory, though the results are not sensitive to the initial water vapor dis-
tribution. The typical single‐profile precision of the water vapor measurements at the 100‐hPa level is 15%
with an accuracy of 8% (Livesey et al., 2015; Read et al., 2007). The lack of vertical wind shear of the curtain
approach is a limitation, but this approach has been used successfully to simulate TTL cirrus and water
vapor (e.g., Jensen et al., 2005, 2010, 2012, 2017; Ueyama et al., 2014, 2015, 2018) as well as midlatitude cirrus
(Jensen et al., 2013).

Whenever a trajectory intersects a convective cloud, the column model with a vertical range of 350–430 K is
saturated up to the cloud‐top potential temperature. In other words, if the atmosphere is initially subsatu-
rated (supersaturated), convective influence will increase (decrease) the relative humidity. Additionally,
monodispersed ice crystals of diameter 30 μmwith an ice water content of 30 ppmv are added to the column
model up to the cloud‐top potential temperature to simulate the anvil cirrus detrained from deep convection.
We will examine the sensitivity of TTL water vapor to anvil ice crystal sizes and ice water content within the
range of available aircraft measurements (Frey et al., 2011, 2014, 2015; Jensen et al., 2009; Krämer
et al., 2020), as described in the next section. As mentioned above, thousands of individual ice crystals are
tracked. The changes in the radius, potential temperature, temperature, water vapor, and ice saturation ratio
of each ice crystal are recorded throughout its lifetime. The cumulative impact of all detrained ice crystals on
TTL water vapor during boreal winter is quantified by calculating the difference between the water vapor
profiles on the final day (i.e., start date of the backward trajectories) of the simulations with and without
detrained ice. The results are discussed in section 3.

2.3. Idealized Simulations for Sensitivity Tests

In order to investigate the sensitivity of TTL water vapor to various parameters such as downstream tem-
perature tendency and detrained ice crystal sizes, we also run several sets of idealized simulations. We start
with a typical tropical sounding temperature profile and set the relative humidity below 375 K to 100%. Ice
crystals of given size and ice water content are then injected up to the 375‐K level shortly after the beginning
of the simulation. We also test the sensitivity of TTLwater vapor to variable‐sized detrained ice crystals using
the ice size distribution measurements collected in the fresh convective outflow at 17.5 km during the 10
August flight of the StratoClim campaign (Krämer et al., 2020). The StratoClim ice size distribution includes
relatively abundant small (diameter < 30 μm) ice crystals (Figure 2), but the mass is dominated by large crys-
tals. Following the ice injection, we impose a constant heating/cooling rate at each potential temperature
level. In this setup, the imposed heating and cooling represent the transport of air parcels along constant
potential temperature surfaces that slope upward/downward; diabatic (radiative) heating is not involved.

10.1029/2020JD032894Journal of Geophysical Research: Atmospheres

UEYAMA ET AL. 6 of 17



Each simulation is run for up to 10 days, and the change in the water
vapor profile is calculated. The simulation length depends on the sedi-
mentation time scale of the ice crystals, which is longer for smaller ice
crystals.

For calculation of ice crystal sedimentation speeds, we use the approach
described by Heymfield and Westbrook (2010). Sedimentation speed
depends on the crystal shape. Given the limits of airborne ice crystal ima-
ging instruments, shapes of crystals with maximum dimensions smaller
than about 50‐μm diameter are not known (Lawson et al., 2008). Larger
crystals are found to be pristine shapes or aggregates in fresh anvils,
whereas in aged anvils, bullet rosettes tend to dominate (Lawson
et al., 2019). We have assumed spheres in our calculations, which result
in the maximum possible sedimentation speeds. Ice crystal shapes are
generally parameterized with power law expressions relating the crystal
mass and area to maximum dimension. Using the power law parameters
provided by Sölch and Kärcher (2010, and references therein) for aggre-
gates and bullet rosettes, the sedimentation speeds are only moderately
(<30%) reduced for the assumed monodispersed crystals with

spherical‐equivalent diameters less than the 60 μm value used in our calculations. For the larger crystals
included in the size distribution taken from the StratoClim measurements (Krämer et al., 2020), the shape
effect on sedimentation speed can be up to a factor of 2, but the larger crystals tend to sediment out relatively
quickly (see section 3.3). Smaller sedimentation speeds would allow more time for the ice to grow/sublimate
in cases with cooling/heating downstream of the convection. Therefore, the assumption of spherical shapes
used here provides the minimum impact of detrained ice on water vapor. Assuming aggregates or bullet
rosettes in the idealized simulations with monodispersed ice crystals increases the impact of detrained ice
on TTL water vapor by about 10–30%.

3. Results
3.1. Tropical Mean Impact of Convection on TTL Water Vapor

The 100‐hPa level water vapor mixing ratios in the tropics on 1 February 2007 as measured by MLS are
shown in Figure 3a. It is characterized by a broad region of dry (~2 ppmv) air in the western tropical
Pacific. The eastern tropical Pacific is also relatively dry compared to the zonal mean but not as dry as the
western Pacific basin. These dry regions are surrounded by relatively moist air in the subtropics, reminiscent
of the structure of the 93‐hPa level temperature field in Figure 1a. It is well known that water vapor and tem-
perature fields are well correlated at these TTL levels (Mote et al., 1996; Randel & Jensen, 2013; Randel &
Park, 2019; Randel et al., 2004) due to the freeze drying of air during its passage through the cold point tro-
popause. A careful comparison of the 100‐hPa water vapor field (Figure 3a) and the 93‐hPa temperature field
(Figure 1a) however reveals some differences in their spatial patterns. For example, the region of minimum
water vapor over the western Pacific is shifted westward from the minimum temperature region centered
near the dateline, presumably due to the westward transport of dehydrated air by the diverging, easterly
flow. The water vapor field also exhibits larger spatial variability than the temperature field. The sparse nat-
ure of MLS measurements certainly contributes to the spatial variance of the 100‐hPa water vapor field
shown in Figure 3a, but deep convection penetrating the TTL (Figure 1b) also modulates the water vapor
distribution, as described below.

Figure 3b shows the reference curtain model simulation with the full effect of convection, including the
effect of near‐instantaneous convective saturation as well as the delayed impact of detrained ice crystals
in aging anvils. Whenever a trajectory intersects a convective cloud, the column model is instantaneously
saturated up to the cloud‐top potential temperature, and monodispersed ice crystals of diameter 30 μmwith
an ice water content of 30 ppmv are added. TheMLS averaging kernel is applied to the simulated water vapor
profiles at each 2° longitude × 2° latitude grid point before averaging over 5° longitude × 5° latitude grid
boxes. The simulated water vapor field resembles the observed field with dry regions over the western and
eastern tropical Pacific surrounded by the moist subtropics. The north‐south‐oriented strip of dry air

Figure 2. Number concentration and ice water content of ice particles in
the fresh anvil at 17.5 km sampled during 10 August flight of the
StratoClim campaign.
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along 120°W is evident in both the simulated and observed fields, but it is more prominent in the model. The
dry air over the western Pacific is displaced northward in the model rather than being centered on the
equator. The northern subtropics are also generally too dry compared to observations, which could be due
to the lack of horizontal in‐mixing of relatively moist air from the extratropics in the model.

To investigate the impact of convection on TTL water vapor, the model is run two more times with adjust-
ments to the convective parameters. Figure 3c represents the 100‐hPa level water vapor field in the simula-
tion with convective saturation but without the detrainment of ice crystals. Figure 3d represents the 100‐hPa
level water vapor field in the simulation without convection (i.e., neither the effects of saturation nor
detrained ice are included). The difference between the simulated fields with and without convective satura-
tion (Figure 3cminus Figure 3d), shown in Figure 4a, indicates that the saturating effect of convectionmoist-
ens the 100‐hPa level by about 0.30 ppmv in the tropical mean, consistent with previous studies (Schoeberl
et al., 2018; Ueyama et al., 2015, 2018). In contrast, a close resemblance between the simulated fields with
andwithout detrained ice (Figures 3b and 3c) suggests that detrained ice has a negligible impact on the water
vapor mixing ratios at the 100‐hPa level. The difference field shown in Figure 4b indicates that the impact of

Figure 3. (a) Seven‐day mean 100‐hPa level MLS H2O centered on 1 February 2007. Simulated 100‐hPa level H2O (b) with the full effect of convection including
convective saturation and convectively detrained ice, (c) with convective saturation but no detrained ice, and (d) without convective saturation or convectively
detrained ice. See text for details.

Figure 4. Impact of (a) convective saturation and (b) convectively detrained ice on 100‐hPa level H2O calculated as differences between two simulations
Figures 3c and 3d for (a) and Figures 3b and 3c for (b). MLS averaging kernel is not applied when calculating the differences between two simulated fields.
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detrained ice is in fact a slight dehydration of 0.01 ppmv in the tropical
mean at the 100‐hPa level as well as the 83‐hPa level (not shown). In other
words, the effect of convective saturation is significantly larger than the
dehydration effect of detrained ice.

3.2. Role of Downstream Temperature Tendency and Saturation

A possible explanation for the dehydrating effect of convectively
detrained ice crystals is that the ice crystals encounter supersaturated
environment downstream of convection such that vapor in excess of
saturation condenses on the ice crystals (Jensen et al., 2007). The ice crys-
tals grow and sediment out of the TTL, effectively lowering the relative
humidity with respect to ice and dehydrating the TTL. Supersaturated
air may be found downstream of deep convection presumably because
air is ascending at these levels and thus is cooling. In our simulations,
the column model is saturated up to the cloud‐top level at every convec-
tive encounter, so ascent and cooling downstream of convection will
increase relative humidity above 100%. The terminologies “cooling” and
“heating” in this study refer to temperature changes experienced by par-
cels due to their ascent and descent, respectively, and not by diabatic
motions. Cloud radiative heating is not included.

We investigate this hypothesis by first examining the impact of down-
stream temperature tendency (dT/dt) on the ice saturation ratios and
water vapor mixing ratios in the TTL in a set of idealized simulations
described in section 2.3. Figure 5 shows time‐height curtains of tempera-
ture and ice saturation ratios for the idealized simulations with imposed

cooling and heating of 1 K day−1 at all potential temperature levels between 365 and 380 K. Colored shading
represents the evolution of the effective radius of detrained ice injected at Day 0. As expected, the TTL below
the convective cloud‐top potential temperature of 375 K becomes supersaturated when the cooling causes
the temperature to decrease downstream of convection. Ice crystals grow rapidly, and all of the ice falls
below the model domain within a day. In contrast, downstream warming of the air parcels produces subsa-
turated TTL that allows detrained ice crystals to persist slightly longer due to the smaller fall speeds of sub-
limating ice crystals. In both cases, the change in ice crystal size is minimal, and sedimentation of ice crystals
dominates the ice crystal loss process in these simulations where ice growth and sublimation are limited by
the large reservoir of ice that maintains saturation.

The impact of detrained ice on TTL water vapor mixing ratios for the downstream cooling and warming
cases is summarized in Figure 6: When the imposed temperature tendency is negative (positive), ice crystals
have a dehydrating (moistening) effect below the detrainment level. In other words, detrained ice crystals
that encounter cooler temperatures (and thus supersaturated air) will leave behind air that is less humid
than before, whereas those that encounter warmer temperatures (and thus subsaturated air) will sublimate
and hydrate the layers below the detrainment level. Note however that the net dehydration and hydration
effects are relatively small for small changes in temperature (i.e., a few percent or 0.05 ppmv change in water
vapor at ~370 K with a mean water vapor mixing ratio of ~3 ppmv for dT/dt of 0.5 K day−1). Since the sedi-
mentation speeds of the ice crystals are comparable in the heating and cooling simulations (Figure 5), the
change in water vapor is approximately equal and opposite in the sets of heating and cooling simulations
(Figure 6).

Given the sensitivity of the water vapor concentrations to downstream temperature tendency in the idea-
lized simulations, we explore the temperature tendencies downstream of convection along the convectively
influenced trajectories. Figure 7 shows the temperature tendencies downstream of deep convective cloud
tops (>370 K) along the trajectories averaged over the 10‐K layer below the convective cloud‐top potential
temperature. The time interval (dt) of 1 day is used to calculate the temperature tendency. For example,
when a trajectory intersects a convective cloud top of 375 K, the temperature tendency following the trajec-
tory over a 1‐day period averaged over the 365‐ to 375‐K layer is computed. We exclude convective events
occurring multiple times within a day of each other since the objective is to investigate the magnitude of

Figure 5. Time versus potential temperature “curtain” plots of temperature
(contours) and effective radius of detrained ice crystals with ice water
content >0 (color shading) from idealized simulations with downstream
(a) cooling and (b) heating of 1 K day−1. Monodispersed ice crystals of
diameter 30 μm and ice water content of 30 ppmv are injected up to the
375‐K level shortly after the beginning of the simulation. See text for details.
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the heating or cooling downstream of deep convection during a 1‐day period following a convective
influence event. The peak of the probability density function is centered near zero, indicating that over
the course of a day, detrained ice crystals experience only a small change in temperature from the time of
convective detrainment (blue, Figure 7a). The mean temperature tendency downstream of convection is a
slight cooling of 0.45 K day−1. In contrast, the average temperature tendency in the 360‐ to 370‐K layer
over nonconvective regions is a slight heating of 0.24 K day−1 (red, Figure 7a). The isentropic cooling and
heating rates on the order of 1 K day−1 are larger than the typical diabatic heating rates in the TTL.

The temperature tendencies downstream of all convective influence events above 370 K are averaged over
the 5° latitude × 5° longitude grid in Figure 7b. Not surprisingly, convective influence locations resemble
the pattern of frequent deep convection (Figure 1b) with four centers of convective activity in the tropical
western Pacific and Maritime Continent, northern Australia, southern Africa, and South America. There

Figure 6. (a) Vertical profiles of H2O in a set of idealized simulations with different temperature tendencies: heating rate
of 1 and 0.5 K day−1 (blue and red) and cooling rate of 1 and 0.5 K day−1 (magenta and green). (b) Vertical profiles of the
percent change in H2O associated with the impact of downstream temperature tendency on the detrained ice crystal
evolution.

Figure 7. (a) Frequency distributions of the temperature tendency (dT/dt) downstream of deep convection (cloud
top > 370 K) calculated as the change in the 10‐K layer mean temperature below the convective cloud‐top potential
temperature level over a 1‐day period (dt = 1 day) (blue). Frequency distributions of dT/dt in nonconvective regions
averaged over the 360‐ to 370‐K layer (red). The mean of the frequency distributions over convective and nonconvective
regions is −0.45 and +0.24 K day−1, respectively. (b) Map of the downstream temperature tendencies averaged over
5° latitude × 5° longitude grid boxes. These calculations are based on convectively influenced 60‐day backward
trajectories launched from the tropics on 1 February 2007 near the wintertime cold point tropopause (378‐K potential
temperature level).
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is considerable regional variability as well as variability within each of these regions. Nonetheless, the tropi-
cal western Pacific and Maritime Continent stand out as a region of predominant cooling of up to 5 K day−1.
Detrained ice crystals are also most frequently observed there, as shown in Figure 8. Approximately 40% of
convectively influenced parcels that arrive at the 378‐K level in the tropics during boreal winter are influ-
enced by convection over the western Pacific. The ice saturation ratio encountered by ice crystals detrained
from western Pacific convection, shown in Figure 9, indicates slight supersaturation at levels below ~380 K,
consistent with the downstream cooling. Since convective cloud‐top occurrence frequency, and therefore the
detrained ice occurrence frequency, decreases rapidly with increasing altitude, the statistical significance of
themean ice saturation ratios in Figure 9 decreases with increasing altitude in the TTL. The saturation ratios
do not deviate much from unity because the air is saturated whenever convection is encountered (see
section 2.2) and the subsequent ice growth or sublimation maintains the saturation ratio close to unity.
These results are consistent with the theoretical understanding of the convective impact on TTL humidity
discussed in section 1: Downstream cooling and supersaturation allow vapor in excess of saturation to con-
dense on the detrained ice crystals and thus lead to dehydration, as found in Figure 4b. The dehydration
effect of detrained ice on the 100‐hPa level does not maximize over the western Pacific (Figure 4b) where
detrained ice crystals are abundantly found (Figure 8) because parcels influenced by western Pacific convec-
tion do not necessarily stay within the western Pacific region before arriving at the 378‐K level. The

detrained ice effect associated with western Pacific convection would man-
ifest itself in regions outside of the western Pacific in Figure 4b, if the con-
vectively influenced parcel is subsequently transported away from this
convective region.

3.3. Idealized Simulations for Sensitivity Tests

Our simulation assumes that whenever a trajectory is influenced by convec-
tion, the atmosphere becomes saturated up to the cloud‐top potential tem-
perature by the upward transport of boundary layer air and/or
near‐instantaneous sublimation of ice crystals that have been lofted by con-
vection. We also assume that monodispersed ice crystals of diameter 30 μm
and an ice water content of 30 ppmv are left behind after the active convec-
tive anvil has subsided, which we have been referring to as detrained ice.
Here, we investigate the sensitivity of the water vapor impact to the size
and ice water content of detrained ice in a set of idealized simulations.

As shown in Figure 10, water vapor below the detrainment level shows
weak sensitivity to the ice water content of detrained ice in both cooling
and heating scenarios (red lines). Essentially, so long as sufficient ice mass
is present, the change in vapor pressure driven by cooling/heating is

Figure 8. Occurrence frequencies of convectively detrained ice crystals in the tropical tropopause layer (370–400 K)
during boreal winter 2007 based on convectively influenced 60‐day backward trajectories launched from the tropics on
1 February 2007 near the wintertime cold point tropopause (378‐K potential temperature level).

Figure 9. Vertical profile of mean ice saturation ratio experienced by
convectively detrained ice crystals downstream of western Pacific (10°S
to 5°N, 140–180°E) convection in the tropical tropopause layer (370–
400 K) during boreal winter 2007.
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balanced by ice growth or sublimation, but the change in ice water content is small, and most of the ice falls
out of the TTL. In contrast, the water vapor impact exhibits strong sensitivity to decreasing ice crystal size
(blue lines). With a relatively slow heating rate of 0.5 K day−1, large ice crystals (diameter > 50 μm) fall
out quickly and therefore do not contribute much to the change in water vapor mixing ratio. Indeed,
water vapor changes in the simulation with monodispersed ice crystals of diameter 60 μm are about one
fifth of those in the simulation with diameter 30 μm ice crystals and an order of magnitude less than
those in the simulation with diameter 20 μm ice crystals. In general, the sizes of small ice crystals change
very little as a result of slow heating or cooling on the order of 1 K day−1 (Figure 5), and the saturation
ratio does not deviate very far from unity. Since the supersaturations/subsaturations are small, changes in
water vapor in the cooling simulations are approximately equal and opposite to those in heating
simulations (see also Figure 6). This result is consistent with the theoretical understanding that the
Clausius‐Clapeyron expression is approximately linear for small changes in temperature. However, a
closer inspection of Figure 10 reveals that as ice crystal size decreases, moistening by the sublimation of
ice crystals in the heating simulation becomes larger than the dehydration by the deposition growth of ice
crystals in the cooling simulation. This occurs because sedimentation rate of sublimating ice crystals in
the heating simulation is slightly slower than the sedimentation rate of growing ice crystals in the cooling
simulation.

The interpretation of the results of the idealized simulations using StratoClim particle size distribution with
ice crystal diameter ranging from approximately 10 to 100 μm (Figure 2) is more complicated. Compared to
the simulations with monodispersed ice crystals, the difference between the cooling and heating simulations
is stark (green lines). Water vapor changes are larger in a cooling environment than in a heating environ-
ment (i.e., 10% or 0.3‐ppmv decrease vs. 5% or 0.15‐ppmv increase in water vapor at ~370 K with a mean
water vapor mixing ratio of ~3 ppmv for 0.5 K day−1 cooling and heating, respectively) because of the longer
lifetime of an ice cloud in the presence of cooling. This seemingly contradicts the results from the idealized
simulations with monodispersed ice crystals where the cloud persists slightly longer in a heating environ-
ment than in a cooling environment because of the slightly slower sedimentation of sublimating ice crystals
in the heating simulation. In the monodispersed simulations, the cloud lifetime is primarily determined by
the sedimentation time scale. In contrast, ice growth and sublimation play a more important role in the evo-
lution of the cloud and water vapor in the simulations with StratoClim particle size distribution. This is
because the large ice crystals (diameter > 20 μm) in the StratoClim particle size distribution that contain
most of the ice mass are quickly lost via sedimentation in both the heating and cooling simulations. After
about a day, only the small ice crystals (diameter < 20 μm) with relatively low ice water content remain.

Figure 10. Vertical profiles of the percent change in H2O associated with the impact of downstream (a) cooling and (b)
heating of 0.5 K day−1 on the detrained ice crystals in a set of idealized simulations with varying ice water content (IWC)
and sizes: (red) ice crystal diameter of 30 μm and varying IWC of 30 ppmv (solid), 1 ppmv (dash‐dot‐dot‐dot), 10 ppmv
(dot), and 100 ppmv (dash); (blue) IWC of 30 ppmv and varying ice crystal diameter of 60 μm (solid), 20 μm (dot), and
10 μm (dash); and (green) StratoClim particle size distribution and IWC of 30 ppmv.
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These small ice crystals can readily grow or sublimate as cooling or heating continues. The combination of
rapid sedimentation (of large ice crystals) followed by rapid sublimation (of small ice crystals) results in a
relatively short lifetime of the cloud in the heating simulation. The cloud in the cooling simulation lasts
much longer because the small ice crystals grow to about 10 to 30 μmbefore they fall out and, therefore, con-
tinue to deplete the vapor long after the ice cloud in the heating simulation is gone.

4. Summary and Discussion

This study is aimed at quantifying the impact of convectively detrained ice crystals on the humidity of the
TTL during boreal winter 2007 using one‐dimensional (vertical) simulations of TTL clouds and water vapor
along convectively influenced trajectories. The 60‐day backward trajectories are launched from the tropics at
the 378‐K potential temperature (93‐hPa pressure) level on 1 February 2007 and traced through global,
3‐hourly satellite‐derived convective cloud‐top altitude fields to determine the convective influence of par-
cels along their trajectories. While the satellite‐derived convective cloud tops used in this study are likely
of a variety of ages, we assume that all convective influence events are associated with relatively aged anvil
cirrus in which the primary physical processes are ice sedimentation and deposition growth or sublimation.
Whenever a trajectory intersects a convective cloud, the atmospheric column is saturated up to the convec-
tive cloud‐top potential temperature. Additionally, to simulate the effect of anvil cirrus detrained from deep
convection, ice crystals are added to the column microphysical model up to the convective cloud‐top poten-
tial temperature. If the atmosphere is initially subsaturated (supersaturated), at least some of the ice lofted
from convection will sublimate (grow via deposition) relatively quickly to establish or maintain saturation
of the convective environment. The active convective core and fresh anvil typically subside in a few hours,
leaving behind some ice crystals in an aging cirrus anvil, which we refer to as detrained ice. The focus of this
study is on these detrained ice crystals that can carry the effect of convection some distance downstream of
the convection and impact the TTL humidity long after the convective event has occurred.

Comparison between simulations with and without detrained ice indicates that convectively detrained ice
crystals slightly dehydrate (0.01 ppmv) the tropics at the 378‐K level (Figure 4b). This is because detrained
ice crystals, most of which are found over the western Pacific (Figure 8), predominantly experience cooling
(an average cooling of 0.5 K day−1 but locally as large as 4–5 K day−1) downstream of convection (Figure 7).
Supersaturated air is found downstream of deep convection over the western Pacific (Figure 9) presumably
because air is ascending at these levels and thus is cooling. In such an environment, vapor in excess of satura-
tion condenses onto the detrained ice crystals which ultimately brings the relative humidity down to satura-
tion (i.e., dehydration). When the ice crystals become large enough, they fall to lower levels where they often
encounter subsaturated air and sublimate. Thus, the overall effect of detrained ice crystals on the wintertime
TTL is a slight dehydration followed by hydration at lower levels.

Sensitivity simulations in the idealized cloud model with a typical tropical sounding temperature profile and
detrained ice crystals of a specified size and ice water content indicate that TTL humidity is not sensitive to
the ice water content of detrained ice crystals (Figure 10). The detrained ice impact on TTL humidity is how-
ever sensitive to ice crystal size. Large ice crystals fall out quickly and therefore do not have a large influence
on water vapor. In comparison, small ice crystals show greater sensitivity to the temperature changes down-
stream. The simulation using a realistic particle size distribution of detrained ice crystals based on
StratoClim campaign measurements (Figure 2) exhibits larger water vapor changes in a cooling environ-
ment than in a heating environment because of the relatively long lifetime of the ice cloud in the presence
of cooling. A full, global simulation with StratoClim particle size distribution indicates that ice crystals
detrained from western Pacific convection predominantly dehydrate the 378‐K level (not shown), similar
to the results shown here using monodispersed ice crystals of diameter 30 μm. In general, the dehydration
effects of detrained ice in a downstream cooling environment nearly cancel the hydration effects of detrained
ice in a downstream warming environment in both the simulations using monodispersed ice crystals and
StratoClim particle size distribution.

The main result is that moistening of the TTL by the active convective core, including the rapid sublimation
of convectively lofted ice crystals in fresh anvils, is an order of magnitude larger than the dehydrating effect
of detrained ice crystals in aging anvils. The net effect is moistening by convective core anvils during boreal
winter. Detrained ice primarily dehydrates the TTL because the temperature tendency encountered by the
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detrained ice downstream of convection exhibits substantial regional variability with an average cooling on
the order of 1 K day−1 (Figure 7). We have not included mesoscale dynamics driven by the convection and
cloud‐scale motions driven by cloud radiative heating in our model, which could lead to significant tempera-
ture variability. This temperature variability will presumably be transient, with the anvil temperature even-
tually relaxing back to the large‐scale environmental temperature. However, significant warming in the near
field could drive ice sublimation and hydration that are not included here.

A similar study by Ueyama et al. (2015) found a 0.55‐ppmv moistening effect of detrained ice on the water
vapor at the 372‐K potential temperature (100‐hPa pressure) level during boreal winter 2007. They used
the same definition of “detrained ice” as this study. Several modifications to the ice injection methodology
in the cloud model such as specifying a fixed ice water content instead of the number concentration may
have contributed to the different results. However, we note that the slight dehydration effect of detrained
ice crystals found in this study is consistent with the theoretical understanding of cloud microphysical pro-
cesses in a cooling and supersaturated environment. The detrained ice impact was not the focus of Ueyama
et al. (2015) study and therefore was not investigated in detail. We also expect a smaller effect of detrained ice
in the current model setup compared to that of Ueyama et al. (2015) because the detrained ice size is larger
(diameter of 30 vs. 20 μm, more in agreement with anvil ice crystal measurements from StratoClim) and the
trajectories are launched at a higher potential temperature (378 vs. 372 K) where convective occurrence is
less frequent.

The apparent discrepancy between our study's results and those of other studies that noted a significant
moistening of the TTL by convectively lofted ice crystals (e.g., Avery et al., 2017; Dessler et al., 2007, 2016;
Ye et al., 2018) is primarily because of the different definitions of the detrained ice effect in these studies.
The studies that found a large effect of “detrained ice” on TTL humidity assumed that the convectively influ-
enced environment is instantaneously moistened by the sublimation of convectively lofted ice crystals; these
studies neglect the impact of detrained ice crystals that remain after the active convection has subsided. In
some sense, the distinction between the effects of instantaneous saturation (i.e., moistening by the active
convective core and fresh anvils) and longer‐lasting detrained ice crystals in aging anvils is moot because
the latter effect is very small. Upward transport of boundary layer air and/or near‐instantaneous sublimation
of convectively lofted ice in a subsaturated TTL air dominates the total convective impact. However, we
argue that this distinction is important because there is evidence of detrained ice crystals existing away from
active convection and above the cold point tropopause (Corti et al., 2008; Nielsen et al., 2007; Schiller
et al., 2009). Future changes in convective activity could involve changes in the abundance of detrained
ice crystals near the cold point tropopause and the relative importance of detrained ice on TTL humidity.

We have also shown that accurate representations of ice crystal sizes and downstream temperature tenden-
cies experienced by the detrained ice crystals throughout their lifetimes are necessary for quantifying the
regional differences in the impact of convection on TTL humidity. This study focuses on the impact of con-
vection on the TTL water vapor budget near the wintertime cold point tropopause, but our results likely
include some incidences of ice sublimation in the lower stratosphere. We note that the impact of detrained
ice crystals on TTL humidity may be different during boreal summer due to differences in convective
cloud‐top distribution and the environment into which ice crystals are detrained. In particular, ice crystals
detrained from deep summertime convection over the North American monsoon region are likely to subli-
mate rapidly as discussed in Ueyama et al. (2018) and therefore potentially moisten the lower stratosphere
(Smith et al., 2017). Convective impacts on the humidity of air in the lower stratosphere during boreal winter
and summer will be specifically addressed in a follow‐up study.

Data Availability Statement

The satellite and reanalysis data used in this study were publicly obtained from the following websites: MLS
(https://mls.jpl.nasa.gov/), CALIOP (https://eosweb.larc.nasa.gov/project/calipso/calipso_table),
TRMM/GPM rainfall (https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary?keywords=TRMM%
20GPM), and ERA‐Interim (https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=ml/). Our
cloud model data are available online (https://bocachica.arc.nasa.gov/rueyama/pubs/2020_detice/). NASA
Ames convective cloud‐top altitude data are available online (https://bocachica.arc.nasa.gov/nasaarc_
cldalt/).
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