
1. Introduction
Based on a handful of in situ hygrometer measurements obtained during WWII, Alan Brewer correctly de-
duced that the extreme dryness of the Earth’s stratosphere is a consequence of air entering the stratosphere 
across the exceptionally cold tropical tropopause (Brewer, 1949). Our understanding of physical processes 
in the tropical tropopause layer (TTL) has enormously improved since thanks to modern observational in 
situ and remote sensing systems, and due to numerical model calculations and advances in theory (Fueg-
listaler et al., 2009). But the nature of the TTL as a transition layer between troposphere and stratosphere 
makes the quantification of those processes challenging since no regime clearly dominates. In particular, 
the slow circulation forced by momentum convergence of upward propagating waves (Haynes et al., 1991; 
Holton et al., 1995) in the stratosphere may extend down to the uppermost troposphere which renders the 
situation more complicated than the pure radiative-convective paradigm (Manabe & Strickler, 1964) pre-
vailing at lower levels.

Tropical deep convective storms are frequently observed, for example in spaceborne radar measurements, 
to reach up to the vicinity of the tropical tropopause around 17 km altitude (C. Liu & Zipser, 2005; Luo 
et al., 2008; Takahashi & Luo, 2014). Similarly, trace gas perturbations measured in situ from instruments 
on board high altitude aircrafts confirm outflow from deep convection at tropopause levels (M. Avery 
et al., 2010; Corti et al., 2008; Folkins et al., 2006; Hanisco et al., 2007; Sargent et al., 2014). Yet the proba-
bility of convective systems reaching such altitudes is very low (less than 1% of convective systems in the 
tropics reach the tropopause) and makes the determination of their net impact a difficult task (Holloway & 
Neelin, 2007; Jensen et al., 2007; Kuang & Bretherton, 2004; Küpper, 2004; C. Liu & Zipser, 2005; Robinson 
& Sherwood, 2006; Takahashi & Luo, 2014). Studies of individual convective storms with high-resolution 
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numerical models also show that deep convection can reach tropopause levels, but estimates of the net 
impact are ambiguous and may be sensitive to the model’s microphysics representation, to horizontal reso-
lution as well as initial and boundary conditions, rendering upscaling to the tropics as a whole challenging 
(Chemel et al., 2009; Dauhut et al., 2015, 2018). In fact, the role that deep convection is thought to play 
has substantially changed over the years. The observation in the 1970s of dry layers overlying the tropical 
tropopause (Kley et al., 1979) initiated a debate about tropical storms whereby it was recognized that con-
vection overshooting its neutral buoyancy level could result in dehydration to water vapor concentrations 
lower than those corresponding to saturation conditions on the large-scale (Danielsen, 1982; Johnston & 
Solomon, 1979; Sherwood & Dessler, 2001). These considerations lost support with the discovery of the 
atmospheric ”tape recorder” as those dry layers are now thought to result from the seasonal cycle in tropo-
pause temperatures (Mote et al., 1996; Yulaeva et al., 1994). In recent years, the perception has shifted from 
a drying to a moistening impact of convection and the fact that convective updrafts contain enough mass in 
small sublimating ice crystals to prevent irreversible dehydration has gained more attention. Small crystals 
do not precipitate out and their evaporation upon detrainment into the surrounding air may be a substantial 
source of moisture (M. A. Avery et al., 2017; Corti et al., 2008; Fueglistaler et al., 2013; Jensen et al., 2007; 
Kelly, 1993).

Here we use measurements from the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), the 
main instrument on board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIP-
SO) satellite (Winker et al., 2009; Yorks et al., 2016; Young et al., 2018), to compute the first observational 
estimate of the sedimenting ice flux in the TTL. Using ERA5 reanalysis (Hersbach et al., 2020) to estimate 
the fluxes of vapor in and out of the TTL, we show that an additional inflow of ice to the TTL is needed to 
balance the flux from sedimentation. We then compare this ice inflow to the ice flux produced by the slow 
advection of cirrus clouds by large-scale motions and conclude on the importance of convective ice trans-
port in the TTL.

2. Data and Methods
2.1. Budget of Water in the TTL

In this study, we use budget considerations to relate the vertical transport of ice and the sedimentation flux 
in the TTL. The water mass balance of a layer of the TTL between a level in the upper troposphere and a 
level in the stratosphere (where ice fluxes are negligible) may be written (see Figure 1, Text S1) as:
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Figure 1. Budget of moisture in the Tropical Tropopause Layer (TTL). A layer of the TTL between altitude levels z and 
19 km and latitudes 30°N and 30°S is considered. Moisture enters the layer through vertical advection of vapor and ice 
(corresponding fluxes: adv  and adv ) and is also imported through horizontal exchanges (the corresponding flux horiz  is 
negative for most altitudes with our sign convention). Moisture leaves the layer by sedimentation (corresponding flux: 

sed ) and as vapor enters the stratosphere (corresponding flux: strat ).
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   adv adv sed strat horiz ,     (1)

where adv  and adv  are the tropical vertical advective fluxes of vapor and ice at the lower boundary and sed  
the tropical sedimentation flux at the lower boundary. strat  is the total vapor flux entering the stratosphere 
at the upper boundary, here taken to be at an altitude of 19 km, and horiz  the total vapor flux exported 
laterally through horizontal motions across the lateral boundaries of the layer, here taken to be at 30°N 
and 30°S. Cirrus clouds in the TTL are mainly confined within 15° of the equator (Virts et al., 2010) so we 
assume that horizontal ice transport across 30°N and 30°S is negligible and only consider vertical ice fluxes 
in Equation 1.

We use the ERA5 climate reanalysis to calculate the vapor fluxes adv , strat  and horiz . The atmospheric data in 
ERA5 is interpolated from its native format (spherical harmonics for wind and temperature, reduced Gauss-
ian grid for specific humidity) to a regular longitude/latitude grid at 0.25° resolution. Vertical resolution of 
the data in the TTL is approximately 300 m. The results shown below imply that the fluxes computed from 
ERA5 would have to be off by one order of magnitude to change conclusions, meaning that ERA5 provides 
a sufficiently accurate picture of the vapor fluxes in and out of the TTL (Davis et al., 2017).

2.2. Sedimentation Flux Computation

While ERA5 can be trusted for the vapor fluxes, the ice terms adv  and sed  in Equation 1 are currently largely 
unknown and require observational constraints. We use an approach combining global extinction retrievals 
from CALIOP and cirrus microphysics measurements by research aircrafts to estimate the value of the ice 
sedimentation flux sed . This approach was developed by the present authors to address issues of upscaling 
of quantities such as sedimentation flux and ice water content when those quantities are parametrized from 
distributed measurements (Bolot & Fueglistaler, 2020, hereafter referred to as BF2020, see also Text S2).

The specific approach developed in BF2020 allows the variance of cloud properties to be incorporated into 
the estimation framework. The variance in ice crystal size distributions is described by the distributions of 
cirrus extinctions and of two additional microphysics parameters: the ice effective diameter and the slope 
parameter of the particle size distribution (see BF2020). The distribution of cirrus extinctions is comput-
ed from a 1-year record of CALIOP 532 nm extinction retrievals in the TTL. Separate extinction distribu-
tions are computed for ”thin” and ”thick” clouds and for various temperature bins, using both daytime and 
nighttime profiles. The distributions of ice effective diameters and slope parameters are computed from 
microphysics measurements performed by research aircrafts over multiple field campaigns (Heymsfield 
et al., 2013a, 2013b, hereafter referred to as H2013, see also Text S4). sed  is then computed by integration 
of the sedimentation flux over the distributions of extinctions and microphysics parameters following the 
approach described in BF2020.

The resulting values of sed  obtained by this method have large uncertainties which are found to be domi-
nated by the uncertainties in the correlations between extinction, ice effective diameter and slope parameter 
of the particle size distribution. We use the H2013 microphysics data set to estimate the values of the corre-
lation coefficients and their margins of uncertainty, which allows us to report a low, best and high estimate 
for sed  (see Text S4 for details. The values of the correlation coefficients corresponding to low, best and high 
estimates are given in Table S1). Our main confidence is actually in the error bars bracketing uncertainties 
in the estimates rather than any particular value of sed .

3. Results
3.1. Inflow of Ice Needed to Reconcile the Budget

We show in Figure 2 the annual mean sedimentation flux sed  determined from our approach as well as the 
annual mean net vapor flux  adv horiz strat    determined from ERA5. The net vapor flux  adv horiz strat    
measures the net convergence of vapor into the TTL above a given altitude level: the difference adv horiz   is 
the net inflow of vapor across the level and through the lateral boundaries of the TTL above that level while 

strat  is the net outflow to the stratosphere. The net vapor flux therefore measures how much of the vapor 
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inflow is converted to ice inside the TTL above a given level. One can see 
in Figure 2 that the sedimentation flux sed  always exceeds the value of 
the net vapor flux. This means that more ice leaves the TTL by sedimenta-
tion at any given level than can be produced by the net inflow of vapor to 
that level and to levels above. Consequently, an additional inflow of ice is 
needed to reconcile the budget. Since very little ice is exchanged through 
the lateral boundaries of the TTL, the inflow of ice must come from ver-
tical advection, which is measured by the vertical flux adv . The value of 

adv  is implicit in Equation 1 and can be visualized in Figure 2 from the 
difference between sed  and the net vapor flux.

sed  is found to increase toward the base of the TTL which reflects the 
cumulative effect of sedimentation ( sed  at the base of the TTL is contrib-
uted by ice coming from all levels above). One can check that sed  is on 
the order of magnitude of the net vapor convergence in the upper part of 
the TTL, which is expected since moisture supply at these altitudes can-
not significantly exceed the vapor convergence (barely any ice is observed 
above 18 km). The fact that sed  tracks the vapor convergence (and not 
simply the vapor flux adv ) toward the top of the TTL serves as a reality 
check on the value of the sedimentation flux computed using the specific 
approach of this work.

One notes that the net vapor flux  adv horiz strat    keeps decreasing ex-
ponentially with height, unlike the vertical advective flux of vapor adv  
which levels off in the upper TTL (Figure 2, black dotted line vs. dashed 
line). This is because vapor reaching the upper TTL has an increasing 
probability to transit to the stratosphere without being removed by ice 
formation and sedimentation. Consequently, the net vapor flux (which 
measures the part of the vapor flux available for cirrus formation) falls 
behind adv  as altitude increases.

3.2. Mechanisms of Ice Transport

Since the ice advective flux adv  appears necessary to reconcile the budget in Equation 1, one may wonder 
about the exact nature of that flux and the processes by which ice is transported into the TTL. One hypoth-
esis about adv  is that it simply represents the vertical advection of cirrus clouds by large-scale motions. In 
order to test that hypothesis, we estimate the vertical flux of ice if the clouds detected by CALIOP were 
entirely advected by ERA5 winds and see how close we can approximate adv  by this approach. The ice flux 
using ERA5 winds only, called era5 , is estimated from the distributions of CALIOP extinctions in tropical 
cirrus and of ERA5 vertical velocities interpolated at the location of CALIOP measurements (see Text S3 for 
details). These distributions must be matched to the distribution of ice effective diameters in cirrus clouds 
in order to resolve ice water content from extinction. As for sed , the values of era5  have uncertainties which 
are controlled by the margin of uncertainty in the correlation coefficient between extinction and ice effec-
tive diameter and a low, best and high estimate of era5  are produced accordingly.

The annual mean values of era5  obtained by this approach and of adv  obtained implicitly from Equation 1 are 
compared in Figure 3. We note that era5  is always oriented upward even though the distribution of vertical 
velocities at cirrus cloud locations straddles both positive and negative values (see Figure S2 for an instance of 
the velocity distribution at 15 km). In the upper part of the TTL, above 17.5 km, adv  and era5  agree well with-
in their uncertainties. The advective ice flux adv  in this region is thus consistent with the advection of cirrus 
clouds by large-scale motions. Note that adv  resulting from large-scale motions cannot be separated from sed  
and does not constitute in itself an independent source of moisture to the TTL: while vertical motions trans-
port cirrus clouds upward on average, the effect of sedimentation is always larger so that the net ice flux result-
ing from large-scale motions and sedimentation adv sed   is always oriented downwards. Here adv  merely 
represents the net effect of vertical motions on falling ice crystals which is to slow down sedimentation.
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Figure 2. Vapor and sedimentation fluxes in the TTL. Vertical profiles in 
the TTL of the sedimentation flux ( sed ), of the advective flux of vapor (

adv ) and of the net flux of vapor converging into the TTL above a given 
level (  adv horiz strat   ). For sed , we give the best estimate (solid line) as 
well as low and high estimates (dash-dot lines) bracketing the uncertainty. 
The sedimentation flux departs from the convergence of vapor by an 
amount equal to the advective flux of ice ( adv ). The converging vapor flux 
falls below the value of the vapor flux in the upper TTL since water vapor 
reaching these levels has an increasing probability of transiting to the 
stratosphere without being removed by ice formation and sedimentation. 
Note that the flux of vapor to the stratosphere strat  is equal to the value 
of adv  at 19 km. Fluxes are computed as annual mean for year 2010 and 
integrated between 30°N and 30°S. TTL, Tropical Tropopause Layer.
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Below 17 km however, the upward ice transport implied by adv  signifi-
cantly exceeds era5 . Although both fluxes have significant uncertainties, 
the ratio between era5  and adv  is sufficiently large to allow us to postulate 
the existence of additional processes transporting ice upward that are left 
out in the computation of era5 . The only process capable of creating an 
additional ice flux of the required magnitude is deep convection and we 
thus feel comfortable postulating that the discrepancy between adv  and 

era5  in the lower part of the TTL is a marker of deep convective influ-
ence. The advective ice flux adv  therefore measures the combined effect 
of transport by convection and by large-scale motions and can be decom-
posed into each mode of transport accordingly:

 adv conv ls   (2)

To the extent that era5  is a good estimator of the large-scale component 
ls , the convective component conv  must be equal to the remaining flux 

of ice into the TTL that cannot be explained by era5 :

 conv adv era5.   (3)

4. Discussion
The existence of a sizable transport of moisture by deep convective 
storms up to near tropopause levels is the key result of this study. In or-
der to assess the importance of that transport, we plot the ratio between 
the upward moisture (ice) transport from deep convection ( conv ) and the 
upward moisture (vapor) transport from large-scale motion ( adv ) in Fig-
ure 4. The ice flux due to large-scale advection ls  is not listed among pro-
cesses transporting moisture upward since it does not exist independent-

ly from sedimentation and the associated net flux ls sed   transports moisture downward. We find that 
the flux of moisture from deep convection is at least 10 times larger than the vapor flux up to about 16 km, 
but falls sharply relative to the vapor flux above that level. The sedimenting ice flux essentially balances the 
upward ice flux in deep convection up to close to the tropopause, above which deep convection occurs too 
infrequently to make a significant contribution to the moisture budget and vapor advection by large-scale 
motions dominate. The transition from convective- to large-scale-dominated regime happens right below 
the cold point tropopause.

This study provides the first global observational estimate of the convective ice flux at near tropopause lev-
els. A few attempts have been made to estimate that flux by upscaling results from numerical simulations 
of isolated thunderstorms. Such estimates are inherently uncertain but we note that one group arrived at 
similar values by placing the convective ice flux at 18% of the vapor flux at 17 km (Dauhut et al., 2015), 
which agrees well with our observational estimate (see Figure 4).

A debate has existed for decades about the respective role of convection versus large-scale motions in trans-
porting moisture to near tropopause levels, possibly up to the stratosphere (M. A. Avery et al., 2017; Dess-
ler et  al.,  2016; Fueglistaler et  al.,  2005, 2009; Holton & Gettelman,  2001; James et  al.,  2008; Schoeberl 
et al., 2019). There is a general view of the TTL as a region with convective dominance at the lower bound-
ary and nonconvective dominance at the upper boundary but the transition of regime as height increases 
has remained an open question. Our first observational estimate of the convective ice flux confirms that the 
base of the TTL is flushed with ice from deep tropical storms. The upward ice flux in deep convection dom-
inates vapor advection by large-scale motions from the base of the TTL up to levels close to the tropopause, 
but we do not find this regime to extend above the cold point tropopause. The mean upward transport by 
deep convection vanishes between 16 and 17 km of altitude.

It is possible that the underestimation by CALIOP of the diurnal cycle of stratospheric clouds could warrant 
an upward revision of our numbers for convective influence above the tropical tropopause. Because of fixed 
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Figure 3. Ice advective flux from budget consideration and flux using 
ERA5 winds only. Vertical profiles in the TTL of the ice flux ( adv ) needed 
to reconcile the budget in Equation 1 and the flux due to advection by 
ERA5 winds only ( era5 ). Best estimates (solid lines) as well as low and 
high estimates (dash-dot lines) are represented. Above 17 km, adv  is 
consistent with the advection of cirrus clouds by large-scale motions. 
At lower levels, adv  increasingly departs from era5  and the difference 
measures the ice flux due to deep convection conv . Fluxes are computed 
as annual mean for year 2010 and integrated between 30°N and 30°S. TTL, 
Tropical Tropopause Layer.
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overpass at 01:30 and 13:30 local time, the instruments on board CALIP-
SO miss the late afternoon maximum of land convection which tends to 
be associated with the highest and largest stratospheric cloud fractions 
(Dauhut et al., 2020). Our estimate of convective influence may therefore 
correspond to a low estimate, although it is not clear whether the correc-
tion implied by diurnal effects is substantial.

The results of this study imply that the vertical profiles of clouds and 
humidity below the cold point tropopause and their effects on the 
Earth’s radiative budget are strongly controlled by deep convection. 
While we do not find this regime to extend above the cold point trop-
opause, the control of deep convection up to the tropopause may still 
substantially affect the amount of water entering the stratosphere, with 
consequences on global climate (Solomon et al., 2010) and stratospheric 
ozone chemistry (Shindell, 2001). Such effects would be consistent with 
the finding of a dry bias in studies evaluating the advection-condensa-
tion paradigm (Fueglistaler et al., 2013; Y. S. Liu et al., 2010; Ueyama 
et al., 2015).

Data Availability Statement
CALIOP data were obtained from the NASA Langley Research Center 
Atmospheric Science Data Center (NASA/LARC/SD/ASDC,  2018). 
ERA5 data were obtained from the Copernicus Climate Change Service 
(C3S, 2017). The H2013 microphysics data used in this study are archived 
publicly at the University of Wisconsin-Madison SSEC (Heymsfield 
et al., 2013a, 2013b).
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Figure 4. Convective versus large-scale moisture control and position 
relative to the tropopause. Evolution with altitude in the TTL of the ratio 
of the convective ice flux ( conv ) to the advective flux of vapor ( adv ), 
computed in annual mean for year 2010. The best estimate (solid line) as 
well as low and high estimates (dash-dot lines) are represented. The model 
estimate from Dauhut et al. (2015) at 17 km is represented as a black 
diamond marker. The 25th, 50th, and 75th percentiles of the distribution 
of cold point tropopause altitudes from ERA5 are represented using lines 
positioned at the altitudes of those percentiles. Convection dominates 
the vertical transport of moisture up to 16.5 km but large-scale motions 
dominate above that level. TTL, Tropical Tropopause Layer.
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