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Key Points: 20 

• Extensive airborne measurements reveal widespread influence of waves on tropical high 21 
cirrus clouds 22 

• Cirrus clouds preferentially occur at cold anomalies with ongoing cooling 23 

• Vertical scales of waves affect vertical scales of cirrus layers 24 
  25 



Submitted to Geophysical Research Letters  

 

Abstract 26 

Cirrus clouds in the tropical tropopause layer (TTL) and water vapor transported into the 27 
stratosphere have significant impacts on the global radiation budget and circulation patterns. 28 
Climate models, however, have large uncertainties in representing dehydration and cloud 29 
processes in the TTL, and thus their feedback with surface climate, prohibiting an accurate 30 
projection of future global and regional climate changes. Here, we use unprecedented airborne 31 
measurements over the Pacific to reveal atmospheric waves as a strong modulator of ice clouds 32 
in the TTL.  Wave-induced cold or cooling conditions are shown to govern in situ formation of 33 
cirrus clouds at altitudes of 14-18 km except when air was very recently influenced by 34 
convective hydration. We further observe that various vertical scales of cloud layers are 35 
associated with various vertical scales of waves, suggesting the importance of representing TTL 36 
waves in models. 37 
 38 

1. Introduction 39 

Water vapor in the troposphere is the most abundant and strongest greenhouse gas [Kiehl 40 
and Trenberth, 1997]. The amount of water vapor in the stratosphere is highly limited, but the 41 
small amount still has an important greenhouse effect [Dessler et al., 2013]. Recent trends and 42 
decadal variations in observed stratospheric water vapor have had radiative impacts on global 43 
surface temperature comparable to the warming caused by increasing greenhouse gases [Forster 44 
and Shine, 2002; Solomon et al., 2010]. Stratospheric water vapor is transported upward through 45 
the tropical tropopause layer (TTL) by a slow rising motion, then poleward via the continuous 46 
large-scale meridional circulation of the global stratosphere [Brewer, 1949; Fueglistaler et al., 47 
2009].  The extremely cold TTL behaves like a filter, effectively freeze-drying the rising air 48 
through the process of ice cloud formation and sedimentation. Thus the filtering efficiency 49 
depends on cloud processes in the TTL [Jensen and Pfister, 2004]. Interestingly, in addition to 50 
the role of stratospheric water vapor on global surface temperature, the radiative impact of water 51 
in the TTL itself strongly depends on the phase of water, mainly due to differences in infrared 52 
absorption between water vapor and ice crystals. Recent studies have shown that radiative 53 
impacts by tropical high-level ice clouds and water vapor in the upper troposphere and lower 54 
stratosphere play a critical role in shaping tropospheric circulation in models, affecting the 55 
strength of the Hadley cell, and the locations of the intertropical convergence zone, extratropical 56 
jet streams, and storm tracks [Maycock et al., 2013; Voigt and Shaw, 2015]. 57 

These important impacts of water in the TTL and stratosphere on climate emphasize the 58 
need to accurately represent TTL ice cloud processes in global climate models. However, there is 59 
a large spread in stratospheric water vapor concentrations and TTL cloud frequencies among 60 
models [Gettelman et al., 2010; Randel and Jensen, 2013; Hardiman et al., 2015]. A lack of 61 
observations limits our current understanding of the TTL dehydration process and the availability 62 
of constraints needed for better simulation of ice clouds in models. One of the processes involved 63 
in TTL dehydration and accompanying cirrus formation is wave-induced temperature variability. 64 
While a number of modeling studies have shown that waves affect cirrus clouds and dehydration 65 
in the TTL [e.g., Potter and Holton, 1995; Jensen et al., 1996; Luo et al., 2003; Jensen and 66 
Pfister, 2004; Schoeberl and Dessler, 2011; Ueyama et al., 2015], only a handful of 67 
observational studies have suggested wave impacts on cloud occurrence [Boehm and Verlinde, 68 
2000; Pfister et al., 2001; Immler, 2008; Fujiwara, 2009]. Furthermore, the sampling in previous 69 
measurements was too limited to determine a robust relationship between cirrus and waves. In 70 
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this study, we present evidence of dominant wave influence on ice cloud occurrence observed in 71 
the recent extensive survey of the TTL over the Pacific by NASA’s unmanned aircraft, the 72 
Global Hawk, during the Airborne Tropical TRopopause EXperiment (ATTREX) [Jensen et al., 73 
2013; Jensen et al., 2016]. 74 

 75 

2. Data and Methods 76 

ATTREX investigators conducted a series of airborne measurements of high-altitude 77 
cirrus clouds: (a) over the tropical eastern Pacific in October-November 2011, (b) over the 78 
central and eastern Pacific in February-March 2013, and (c) over the western Pacific in 79 
February-March 2014. The measurements included temperatures [Scott et al., 1990], ice particle 80 
properties [McFarquhar et al., 2007], and cloud layer information [McGill et al., 2002]. Long 81 
duration flights with repeated vertical descent/ascent maneuvers between ~14 and ~18 km 82 
provided unprecedented observations of ice clouds in the TTL. Since aircraft measurements 83 
provide in situ temperatures (𝑇) only, we need additional information about the mean 84 
temperature (𝑇) to calculate wave temperature anomalies (𝑇" = 𝑇 − 𝑇) along flight tracks. We 85 
utilized Global Positioning System (GPS) radio occultation data [Kursinski et al., 1997; Anthes 86 
et al., 2008] to provide accurate mean vertical temperature profiles.  87 

For each 1-s interval of ATTREX aircraft measurements, we calculated the mean 88 
temperature by averaging GPS temperatures for 30 days and 10°x5° (in longitude and latitude) 89 
centered on each flight time and location along the flight tracks. This procedure yields the same 90 
number of mean temperatures as in situ aircraft temperature data. Temperature anomalies with 1-91 
s interval were calculated by subtracting GPS mean temperatures from aircraft temperatures (see 92 
Figure 1). Note that temperature anomalies are time anomalies at each vertical data point, so 93 
resulting anomaly profiles can be considered as waves (that is, the mean vertical temperature 94 
structure is already removed.). Since we used the 30-day time mean, the temperature anomalies 95 
were induced by waves at periods shorter than 30 days, including gravity, Kelvin, and mixed-96 
Rossby gravity waves. All of these waves contribute to the determination of the cold point 97 
temperature [Kim and Alexander, 2015]. Over the ATTREX flight ranges, about 24 GPS profiles 98 
were averaged to calculate the mean temperature for each 1-s. Figure 1 (A-B) show example 99 
temperature profiles from the aircraft (black in (A)) and GPS mean temperatures (blue in (A)), 100 
and anomalies in (B). Their corresponding segment of the aircraft path is shown with red in (C) 101 
and (D) for the flight on 6-7 March, 2014. 102 
 103 

3. Results and Discussion 104 

3.1. Relationship between temperature anomalies and cirrus occurrence 105 

The colored lines in the lower panels in Figure 2 show probability density functions 106 
(PDFs) of temperature anomalies when ice clouds were observed at 14-18 km. Even though the 107 
total sampling in 2011 is skewed toward the positive anomaly side (grey PDF), 97% of clouds 108 
were observed where temperature perturbations were negative. The 2013 data also show a strong 109 
effect of waves, with 87% of clouds occurring in cold anomalies, while the total sampling 110 
displays an unbiased PDF.  111 
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 The relationship between temperature anomalies and clouds seems weak in the western 112 
Pacific 2014 data in Figure 2. For a more detailed analysis we divided the data into 3 vertical 113 
layers in Figure 3. The lower layer PDF shows little dependence on waves, while the middle 114 
layer shows a transitional behavior between the upper and lower layer. The upper layer (>16.5 115 
km) clouds dominantly formed within cold anomalies (86%). Although cirrus cloud occurrence 116 
at these high altitudes is not very frequent (8% of 2014 measurements) compared to the lower 117 
altitude clouds (23%), impacts of these very high clouds are significant through their modulation 118 
of radiative forcing, either directly or through their effect on water vapor. Slowly rising air in this 119 
extremely cold layer at 16.5-18 km experiences a final dehydration before it enters into the 120 
warmer stratosphere. The strong correlation we observe between clouds and negative 121 
temperature anomalies supports the previous idea that waves regulate lower stratospheric water 122 
vapor by lowering cold point temperatures in the TTL [Kim and Alexander, 2015]. 123 

3.2. Vertical profiles of waves and cirrus observed during aircraft descents 124 

Vertical profiling of aircraft measurements provides an excellent opportunity to observe 125 
more detailed wave structures and cloud characteristics. Compared to ascents, descents of the 126 
aircraft throughout the TTL layer happen very quickly, usually within ~10 minutes and within a 127 
1°x1° horizontal area; thus aircraft descents provide dropsonde-like measurements. Figure 4 128 
shows examples of vertical profiles of temperature anomalies (black) when ice particles (red) 129 
were observed during descents. The profiles in the upper panels show that a cloud layer (red) is 130 
roughly capped by a peak of a negative wave phase, which is often the same as the cold point 131 
tropopause (blue ‘X’ mark). Since the black curves are anomaly (𝑇’) profiles, not temperature 132 
(𝑇) profiles, the cold point tropopause is not necessarily the same as the minimum point of the 133 
profiles in Figure 4. However, when waves have a cold phase near the mean tropopause, clouds 134 
are more likely to form as the minimum temperature gets even colder than the mean condition, 135 
and wave-induced cold anomalies often coincide with the cold point tropopause [Kim and 136 
Alexander, 2015].  While we show cloud layers that are associated with relatively deep vertical 137 
wave structures (wavelengths > ~4 km) in the first row in Figure 4, the examples in the second 138 
row show that the wave-cloud relationship also holds at shorter vertical scales. In some cases, 139 
very thin cloud layers are associated with shallow waves at wavelengths as short as ~300 m. The 140 
profiles indicate that multiple layers of these thinnest clouds can exist due to multiple layers of 141 
shallow waves, which cannot be resolved in current global climate and analysis models due to 142 
limited vertical resolution.  143 

The general relationship between waves and clouds in Figure 4 indicates not only that the 144 
cold or warm phase is important, but also that changes between wave phases determine cloud 145 
occurrence. Clouds were more often observed at a negative vertical slope of temperature 146 
anomalies (i.e., dT’/dz < 0) than a positive slope. A combination of in situ aircraft measurements 147 
during descents and lidar profiles between the descents provides a good example of cloud layers 148 
in relation to temperature perturbations, as shown in the lower panel of Figure 4. We can observe 149 
that highest, thinnest clouds follow roughly the peaks of negative temperature anomalies and 150 
negative slopes (see layer at ~16.5 km à ~16.7 km), and that cloud layers have a gap near where 151 
positive slopes and positive temperature anomalies occur.  152 

3.3. Indication of importance of cooling rates 153 

We propose a probable reason that a negative slope in the temperature anomaly profiles 154 
provides a favorable condition for cloud occurrence in the schematic in Figure 5. Since the main 155 
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wave source is tropical convection below, energy goes upward while wave phase progresses 156 
downward in the TTL. The wave phase progression accompanies the temperature anomaly 157 
pattern shown in Figure 5, moving downward with time. This is a very typical wave anomaly 158 
structure in the TTL, which can be observed in radiosonde observations [e.g., Boehm and 159 
Verlinde, 2000; Kim and Alexander, 2015; Jensen et al., 2016]. In our analysis, one wave period 160 
could have any value between a few minutes to 30 days. Based on this general wave structure, 161 
the sign of dT’/dt (time derivative) can be deduced only from dT’/dz (vertical slope). For 162 
instance, at a certain point (green square), dT’/dt will have the same sign as dT’/dz. This 163 
relationship holds at any point if anomalies were caused by an upward propagating wave. 164 
Therefore, the preferential cloud occurrence at dT’/dz<0 implies that cirrus clouds preferentially 165 
form and exist when a local air parcel experiences cooling, dT’/dt<0. 166 
 167 

4. Summary and Conclusion 168 

The bar charts in Figure 5 provide a comprehensive summary of cirrus cloud properties 169 
from the all ATTREX measurements. Using vertical profiles during aircraft descents, cloud 170 
occurrence frequency (in percentage) was calculated for four categories depending on the sign of 171 
T’ and dT’/dz. Over the central and eastern Pacific, cirrus clouds are infrequent, but they almost 172 
always form in the cold phase of a wave. Since cirrus clouds in the lower TTL (14-16 km) over 173 
the western Pacific could be under the combined influence of waves and convective moisture 174 
transport, we divided the western Pacific measurements into three groups: the upper TTL, non-175 
convective lower TTL, and convectively influenced lower TTL. The convective and non-176 
convective cases were decided based on nearby convection penetrating to TTL altitudes as 177 
observed by geostationary satellite data (Supplementary). The statistics in Figure 5 show that, 178 
without the presence of nearby deep convection, the wave cold phase (T’<0) with ongoing wave 179 
cooling (dT’/dt<0) is the best condition for cirrus occurrence. This wave-cirrus relationship is 180 
particularly prevalent in the uppermost TTL over the western Pacific where most tropospheric air 181 
enters the stratosphere [Fueglistaler et al., 2004], indicating an important role of waves on 182 
stratospheric water vapor transport. 183 

To our knowledge, this is the first study presenting direct observational evidence for such 184 
ubiquitous influence of wave-induced cold anomalies and cooling rates on cirrus cloud 185 
occurrence. Although more observations will still be needed, the advancement in understanding 186 
of ice clouds in the TTL presented here will provide guidance for future measurements and a 187 
simple methodology for evaluating climate models that can lead to improvements in 188 
representations of waves, cirrus clouds, and their feedback on surface climate. 189 
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 284 

 285 

 286 
Figure 1. Example of temperature profiles and a horizontal and vertical path. (A) Vertical 287 
profiles are temperatures measured by the Meteorological Measurement System (MMS) on the 288 
aircraft (black) with corresponding GPS 30-day mean profiles (blue) and (B) temperature 289 
anomalies, MMS–GPS, for the flight segment at (C) the red horizontal and (D) red vertical path 290 
during the flight on 6-7 March, 2014. 291 

 292 

 293 

 294 



Submitted to Geophysical Research Letters  

 

 295 
 296 
 297 
Figure 2. ATTREX flight tracks and PDFs of temperature anomalies for all sky (grey) and cloudy 298 
(color) cases. Color lines in lower panels are PDFs of temperature anomalies where cirrus clouds 299 
with ice particle number concentration higher than 30/L were observed. Data between 12°S-20°N 300 
and 14-18 km were used. A temperature anomaly is calculated by subtracting a 30-day GPS mean 301 
value from the aircraft measured temperature at 1-s intervals. Percentage represents the ratio of the 302 
number of negative temperature anomalies sampled to the total.  303 

 304 
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 305 
 306 
Figure 3. Same as the lower left in Figure 2, but for different vertical ranges for 2014.  307 
 308 



Submitted to Geophysical Research Letters  

 

 309 
 310 
Figure 4. Examples of temperature anomaly profiles and clouds. (Upper two rows) Black thick 311 
curves are temperature anomalies during aircraft descents. The vertical thin straight line is for a 312 
zero anomaly, and the anomaly range in x-axis is overlapped. Red areas represent observed ice 313 
clouds. A height for the minimum observed temperature in each profile is marked by blue ‘X’. 314 
(Bottom) Cloud layers were detected by attenuated backscatter from 1064 nm lidar scans 315 
between two aircraft descents on 4 March, 2014. The left anomaly profile was measured before 316 
the beginning of the cloud lidar measurements, and the right anomaly profile was measured after 317 
turning off the lidar.  318 
 319 
 320 
 321 
 322 
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 323 
 324 
Figure 5. Schematic of a temperature anomaly pattern induced by a wave in the TTL, and cloud 325 
occurrence frequency measured during ATTREX for different wave phases. The color shading 326 
represents temperature anomalies (red: T’>0, blue: T’<0). The hatching represents negative 327 
vertical gradients of temperature anomalies (dT’/dz <0). At any given point (green square in this 328 
example), a negative vertical slope (dT’/dz<0) corresponds to a negative time derivative 329 
(dT’/dt<0). (Lower) Bar charts are for ice cloud occurrence frequency of 2-m vertical binned 330 
data from aircraft descents. Four categories of wave phases are (i) T’<0 & dT’/dz<0 with blue & 331 
hatching, (ii) T’<0 & dT’/dz>0 with solid blue, (iii) T’>0 & dT’/dz<0 with red & hatching, and 332 
(iv) T’>0 & dT’/dz>0 with solid red. From the left to right, results are for an average between 333 
2011 and 2013, high-altitude (>16.5 km) sampling in 2014, low-altitude (<16 km) non-334 
convective cases in 2014, and low-altitude convectively influenced cases in 2014 335 
(Supplementary). 336 
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S1. Aircraft Sampling and Study Altitudes 6	

We used measurements of temperatures and cloud particles by NASA’s long-range, high-7	
altitude aircraft Global Hawk. The Meteorological Measurement System (MMS) [Scott et al., 8	
1990] installed on the aircraft measured temperatures that were used to deduce wave information 9	
in this analysis. The MMS can provide temperatures up to 20 Hz frequencies with precision of 10	
±0.05 K and accuracy of ±0.3 K (~0.2%). Cloud occurrence was observed by the on-board 11	
spectrometer Fast Cloud Droplet Probe (FCDP) [McFarquhar et al., 2007]. The FCDP can 12	
measure forward scattered laser light from individual cloud particles. With an assumption of Mie 13	
scattering a particle diameter size from 1 to 50 µm can be estimated. We also used the on-board 14	
down-looking Cloud Physics Lidar (CPL) [McGill et al., 2002] to identify vertical profiles of 15	
clouds when the aircraft flew at cruise altitudes. The CPL provides profiling of clouds with 30-m 16	
vertical and 200-m horizontal resolution by measuring backscatter at wavelengths of 355, 532, 17	
and 1064 nm. We used 1064 nm data to illustrate changes in thin cirrus clouds in relation to 18	
wave motions in Figure 4. 19	

Figure S1 shows the vertical distribution of 1-s ATTREX measurements for each 20	
deployment period of 2011, 2013, and 2014. Although the aircraft flew and scanned air above 18 21	
km, we only consider data at 14-18 km for calculations of cloud occurrence frequency 22	
throughout the paper. This is because clouds were very rarely observed higher than 18 km, as 23	
shown with color lines in Figure S1.  24	

Note that we had an unequal vertical distribution of measurements due to restrictions of 25	
Global Hawk aircraft maneuvers. For instance, the data in 2014 have less sampling at higher 26	
altitudes than in 2011 and 2013 because of a heavier payload during flights in 2014. Also, since 27	
altitudes around 14-14.5 km are the lowest permitted altitude range for the Global Hawk’s 28	
repeated vertical descents and ascents during the mission, anomalously large sampling was 29	
obtained at 14-14.5 km. Figure S2 shows the same calculations as in Figure 2 (for 14-18 km), but 30	
for the different vertical range of 14.5-18 km, to check whether the choice of the lower limit of 31	
study altitudes between 14 and 14.5 km affects the results. Due to the over-sampling at 14-14.5 32	
km, there are some differences in the PDF distributions between Figure 2 and Figure S2, but we 33	
can still draw the same conclusion of wave influence on clouds from the two figures. 34	

 35	

S2. Sensitivity of Results to Ice Number Concentration and Tropical Latitudes 36	

Cloud occurrence events were identified by ice particle number concentration measured 37	
by the FCDP. The detection limit of the FCDP is ~10 particles/L, and we defined clouds as ice 38	
number concentration higher than 30 particles/L. As shown in Figure S1, overall cloud 39	
occurrence frequency decreases with use of a higher criterion, but the general vertical 40	
distribution is similar regardless of the choice of ice number concentration. Calculation statistics 41	



for cloud occurrence criteria for 10, 20, 30, 40, and 50 particles/L are compared in Figure S3. 42	
The case of 30/L is the same as the bar charts in Figure 5. Like the result in Figure S1, while 43	
cloud occurrence frequency decreases with use of a higher criterion, the general relationships 44	
between wave phases and clouds are not sensitive to the choice of the ice particle concentration 45	
for identifying clouds. 46	

The whole range of ATTREX measurements are between 12°S-36°N, but we only took 47	
data at latitudes of 12°S-20°N in the main manuscript as we intended to investigate tropical 48	
cirrus clouds. In Figure S4, we compare the wave-cloud statistics, with the same method as 49	
Figure 5, but for latitudes less than 10°N, 15°N, 20°N, and 25°N. While more cirrus clouds were 50	
observed (i.e., higher occurrence frequency) within the deeper tropics, the wave modulation of 51	
cirrus clouds remains important throughout the tropics.  52	

 53	

S3. Convective and Non-Convective Flights over the Western Pacific in 2014 54	

Pervasive convective influence decreased rapidly with altitudes above about 16 km. 55	
However, in the lower TTL (<16 km), some cirrus clouds observed by the aircraft were likely 56	
convectively influenced. For the analysis in Figure 5, we defined "convectively influenced" as all 57	
profiles (with latitudes < 20°N and altitudes < 16 km) from flights on 16-17 February (RF02), 4-58	
5 March (RF03), and 9-10 March (RF05) (see Figure S5). Non-convective cases are calculated 59	
from all profiles (< 20°N and < 16 km) from flights on 12-13 February (RF01), 6-7 March 60	
(RF04), and 11-12 March (RF06). There are a few ways to infer whether an air sample is 61	
convectively influenced or not, such as looking at tracer concentrations or calculating history of 62	
parcel movements with trajectory simulations [Navarro et al., 2015; Ueyama et al., 2015]. 63	
However, identification of convective influence locally is highly uncertain due to uncertainties in 64	
sources of tracers and uncertainties in analysis winds especially near convection. Hence, we 65	
made a general categorization for each flight, not for each data point, based on nearby 66	
convection from geostationary satellites and large-scale circulation and temperatures in 67	
conjunction with back trajectory calculations [Ueyama et al., 2015]. We outline conditions 68	
associated with each ATTREX flight that determined our categorization as convective and non-69	
convective influence for the lower TTL (14-16 km). It should be pointed out that the flights 70	
identified as non-convectively influenced might still have some relatively recent localized 71	
enhancements in water from convection. 72	

During RF01 (not convectively influenced for the purposes of this analysis, see Figure 73	
S5), convection and the monsoon anticyclone are well west of the surveyed region. Here, 74	
convective influence is at least 6 days old. In contrast, during RF02 (convectively influenced) the 75	
large-scale convective pattern had moved eastward, and the aircraft sampling (confined to Guam) 76	
was directly downstream of convection. This convective influence extended to altitudes roughly 77	
between 15.5 and 16 km and was less than 2 days old. RF03 (convectively influenced) took place 78	
as typhoon Faxai passed northward east of Guam.  Convective influence was pervasive 79	
everywhere up to about 16 km, either from convection to the southeast (aged 4 days or less) or 80	
from Faxai itself (1-2 days). Temperature gradients along the trajectory from the southeast were 81	
fairly weak, suggesting that the conditions were most likely near saturation along the trajectory. 82	



RF04 (not convectively influenced) was convectively comparatively quiet near the flight 83	
region.  Although convective influence from a system 2-3 days earlier near 165°E was pervasive 84	
below 16 km, this convection occurred when large-scale temperatures were colder than on the 85	
day of RF04 (minimum temperatures on this flight were significantly warmer than the other 86	
flights [Jensen et al., 2016]).  Also much of the flight was off the eastern edge of the cold pool.  87	
The implications are that temperatures are warming along the trajectory from convection, 88	
suggesting that evaporation by the warming eliminated convective clouds over the aircraft 89	
sampling region. RF05 (convectively influenced) had substantial convective influence 90	
throughout the flight at altitudes below 16 km.  This was especially the case at the southern end, 91	
which was a very dynamic and cold region with ample nearby convection. Unlike RF04, large-92	
scale temperatures were not warming with time. Thus, though the northern portion of the flight 93	
had no nearby convection during the flight, the convection which occurred 2 days before to the 94	
east detrained to the flight regions at similar temperatures, indicating nearly saturated conditions. 95	
RF06 (not convectively influenced) took place when most convection was displaced south of the 96	
equator.  The persistent southeastward flow from the convective region into the sampling region 97	
was still present, but except for a few cases, the most recent convection occurred more than 4 98	
days prior to the time of observation, and was, in general, in regions that were colder than the 99	
region where the observations were made [Jensen et al., 2016]. Thus, it is unlikely that persistent 100	
clouds from convection would have been observed on this flight.   101	

 102	

S4. Ice Particle Characteristics 103	

Ice particle imagery by the on-board Hawkeye instrument [Jensen et al., 2016] suggests 104	
that most of the ice crystals sampled were either nucleated in situ or grew by deposition of water 105	
vapor in the TTL.  The images were typically quasi-spherical particles with sizes < 50 µm. Near 106	
the top of the TTL, in the 16.5-18 km layer, the particles were nearly all quasi-spherical or small 107	
irregularly shaped ice, with very small percentages of faceted ice habits.  Near the bottom of the 108	
TTL, in the layer below 16 km, we observed a small increase in the percentage of faceted habits, 109	
which were often budding rosettes or rosettes > 100 µm and occasionally columns or plates. 110	
However, the dominant particles were also quasi-spheroids or small irregulars in the lower TTL. 111	

 112	
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Supplementary	Figures	167	
 168	
 169	

 170	

 171	

 172	

Figure S1. Distribution of ATTREX aircraft sampling and cloud occurrence. The total aircraft 173	
sampling number at 1-s intervals is shown with black, and color lines represent cloud occurrence 174	
numbers with ice particle number concentration greater than 10 (blue), 30 (red), and 50 (green) 175	
per liter. The percentage numbers are cloud occurrence frequency at altitudes of 14-18 km. 176	
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Figure S2. The same as Figure 2 (for 14-18 km), but for altitudes of 14.5-18 km. 183	
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 197	

Figure S3. The same as the bar charts in Figure 5, but for different ice particle number 198	
concentrations. 199	
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 205	

Figure S4. The same as the bar charts in Figure 5, but for different latitude ranges. 206	
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	209	
Figure S5. Brightness temperatures showing convective activity near flight paths in 2014. The 210	
color+grey shading on the images represents IR window channel brightness temperature values; 211	
flight paths (white lines) are colored with aircraft pressure altitudes during the one-hour period 212	
centered on the image time. NCEP GDAS analysis data were used to for tropopause 213	
temperatures (red dashed and cyan dotted) and 100 mb winds (yellow arrows).   214	


