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

1. Introduction

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

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

2. Data and Methods

ATTREX investigators conducted a series of airborne measurements of high-altitude cirrus clouds: (a) over
the tropical eastern Pacific in October–November 2011, (b) over the central and eastern Pacific in
February–March 2013, and (c) over the western Pacific in February–March 2014. The measurements
included temperatures [Scott et al., 1990], ice particle properties [McFarquhar et al., 2007], and cloud layer
information [McGill et al., 2002]. Long-duration flights with repeated vertical descent/ascent maneuvers
between ~14 and ~18 km provided unprecedented observations of ice clouds in the TTL. Since aircraft
measurements provide in situ temperatures (T ) only, we need additional information about the mean tem-

perature (T ) to calculate wave temperature anomalies T ′¼T–T
� �

along flight tracks. We utilized Global

Positioning System (GPS) radio occultation data [Kursinski et al., 1997; Anthes et al., 2008] to provide accurate
mean vertical temperature profiles.

For each 1 s interval of ATTREX aircraft measurements, we calculated the mean temperature by averaging
GPS temperatures for 30 days and 10° × 5° (in longitude and latitude) centered on each flight time and loca-
tion along the flight tracks. This procedure yields the same number of mean temperatures as in situ aircraft
temperature data. Temperature anomalies with 1 s interval were calculated by subtracting GPS mean tem-
peratures from aircraft temperatures (see Figure 1). Note that temperature anomalies are time anomalies
at each vertical data point, so resulting anomaly profiles can be considered as waves (that is, the mean vertical
temperature structure is already removed.). Since we used the 30day time mean, the temperature anomalies
were induced by waves at periods shorter than 30days, including gravity, Kelvin, and mixed Rossby-gravity
waves. All of these waves contribute to the determination of the cold point temperature [Kim and Alexander,
2015]. Over the ATTREX flight ranges, about 24 GPS profiles were averaged to calculate the mean temperature
for each 1 s. Figures 1a and 1b show example temperature profiles from the aircraft (black in Figure 1a) and
GPS mean temperatures (blue in Figure 1a) and anomalies in Figure 1b. Their corresponding segment of the
aircraft path is shown with red in Figures 1c and 1d for the flight on 6–7 March 2014.

Figure 1. Example of temperature profiles and a horizontal and vertical path. (a) Vertical profiles are temperatures mea-
sured by the Meteorological Measurement System (MMS) on the aircraft (black) with corresponding GPS 30 day mean
profiles (blue) and (b) temperature anomalies, MMS-GPS, for the flight segment at (c) the red horizontal and (d) red vertical
path during the flight on 6–7 March 2014.
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3. Results and Discussion
3.1. Relationship Between Temperature Anomalies and Cirrus Occurrence

The colored lines in the bottom plots in Figure 2 show probability density functions (PDFs) of temperature
anomalies when ice clouds were observed at 14–18 km. Even though the total sampling in 2011 is skewed
toward the positive anomaly side (grey PDF), 97% of clouds were observed where temperature perturbations
were negative. The 2013 data also show a strong effect of waves, with 87% of clouds occurring in cold anoma-

lies, while the total sampling displays
an unbiased PDF.

The relationship between tempera-
ture anomalies and clouds seems
weak in the western Pacific 2014 data
in Figure 2. For a more detailed
analysis we divided the data into
three vertical layers in Figure 3. The
lower layer PDF shows little depen-
dence on waves, while the middle
layer shows a transitional behavior
between the upper and lower layers.
The upper layer (>16.5 km) clouds
dominantly formed within cold
anomalies (86%). Although cirrus
cloud occurrence at these high alti-
tudes is not very frequent (8% of
2014 measurements) compared to
the lower altitude clouds (23%),
impacts of these very high clouds
are significant through their modula-
tion of radiative forcing, either
directly or through their effect on

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

Figure 3. Same as the bottom left in Figure 2 but for different vertical ranges
for 2014.
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water vapor. Slowly rising air in this extremely cold layer at 16.5–18 km experiences a final dehydration before
it enters into the warmer stratosphere. The strong correlation we observe between clouds and negative
temperature anomalies supports the previous idea that waves regulate lower stratospheric water vapor by
lowering cold point temperatures in the TTL [Kim and Alexander, 2015].

3.2. Vertical Profiles of Waves and Cirrus Observed During Aircraft Descents

Vertical profiling of aircraft measurements provides an excellent opportunity to observe more detailed wave
structures and cloud characteristics. Compared to ascents, descents of the aircraft throughout the TTL layer
happen very quickly, usually within ~10min and within a 1° × 1° horizontal area; thus, aircraft descents pro-
vide dropsonde-like measurements. Figure 4 shows examples of vertical profiles of temperature anomalies
(black) when ice particles (red) were observed during descents. The profiles in the top plots show that a cloud
layer (red) is roughly capped by a peak of a negative wave phase, which is often the same as the cold point
tropopause (blue “cross”mark). Since theblack curves are anomaly (T′) profiles, not temperature (T ) profiles, the
cold point tropopause is not necessarily the same as the minimum point of the profiles in Figure 4. However,
whenwaves have a cold phase near themean tropopause, clouds aremore likely to form as theminimum tem-
perature gets even colder than themean condition, andwave-induced cold anomalies often coincidewith the
cold point tropopause [KimandAlexander, 2015].Whilewe showcloud layers that are associatedwith relatively
deep vertical wave structures (wavelengths >~4 km) in the first row in Figure 4, the examples in the second
row show that the wave-cloud relationship also holds at shorter vertical scales. In some cases, very thin cloud
layers are associatedwith shallowwaves at wavelengths as short as ~300m. The profiles indicate thatmultiple
layers of these thinnest clouds can exist due to multiple layers of shallow waves, which cannot be resolved in
current global climate and analysis models due to limited vertical resolution.

The general relationship between waves and clouds in Figure 4 indicates not only that the cold or warm
phase is important but also that changes between wave phases determine cloud occurrence. Clouds were

Figure 4. Examples of temperature anomaly profiles and clouds. (first and second rows) Black thick curves are the tempera-
ture anomalies during aircraft descents. The vertical thin straight line is for a zero anomaly, and the anomaly range in x axis
is overlapped. Red areas represent the observed ice clouds. A height for theminimumobserved temperature in each profile
is marked by blue cross. (third row) Cloud layers were detected by attenuated backscatter from 1064 nm lidar scans
between two aircraft descents on 4 March 2014. The left anomaly profile was measured before the beginning of the cloud
lidar measurements, and the right anomaly profile was measured after turning off the lidar.
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more often observed at a negative vertical slope of temperature anomalies (i.e., dT′/dz< 0) than a positive
slope. A combination of in situ aircraft measurements during descents and lidar profiles between the
descents provides a good example of cloud layers in relation to temperature perturbations, as shown in
the bottom plot of Figure 4. We can observe that highest, thinnest clouds follow roughly the peaks of nega-
tive temperature anomalies and negative slopes (see layer at ~16.5 km➔~16.7 km) and that cloud layers
have a gap near where positive slopes and positive temperature anomalies occur.

3.3. Indication of Importance of Cooling Rates

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

4. Summary and Conclusion

The bar charts in Figure 5 provide a comprehensive summary of cirrus cloud properties from the all ATTREX
measurements. Using vertical profiles during aircraft descents, cloud occurrence frequency (in percentage)
was calculated for four categories depending on the sign of T′ and dT′/dz. Over the central and eastern
Pacific, cirrus clouds are infrequent, but they almost always form in the cold phase of a wave. We note that,

Figure 5. Schematic of a temperature anomaly pattern induced by a wave in the TTL and cloud occurrence frequency
measured during ATTREX for different wave phases. The color shading represents the temperature anomalies (red: T′>
0, blue: T′< 0). The hatching represents the negative vertical gradients of temperature anomalies (dT′/dz< 0). At any
given point (green square in this example), a negative vertical slope (dT′/dz< 0) corresponds to a negative time derivative
(dT′/dt< 0). (bottom) Bar charts are for ice cloud occurrence frequency of 2m vertical binned data from aircraft descents.
Four categories of wave phases are (i) T′< 0 and dT′/dz< 0 with blue and hatching, (ii) T′< 0 and dT′/dz> 0 with solid
blue, (iii) T′> 0 and dT′/dz< 0 with red and hatching, and (iv) T′> 0 and dT′/dz> 0 with solid red. From the left to right,
results are for an average between 2011 and 2013, high-altitude (>16.5 km) sampling in 2014, low-altitude (<16 km)
nonconvective cases in 2014, and low-altitude convectively influenced cases in 2014 (supporting information).
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compared to the eastern Pacific statistics for altitudes of 14–18 km in Figure 5, cloud occurrence frequency
over the eastern Pacific especially for 2011 is increased if we only take samplings at altitudes of 14–17 km,
as suggested in Figure S1 in the supporting information. Regardless of the change in cloud occurrence fre-
quency with different vertical sampling ranges, the importance of the cold wave phase for cirrus occurrence
remains the same. Since cirrus clouds in the lower TTL (14–16 km) over the western Pacific could be under the
combined influence of waves and convective moisture transport, we divided the western Pacific measure-
ments into three groups: the upper TTL, nonconvective lower TTL, and convectively influenced lower TTL.
The convective and nonconvective cases were decided based on nearby convection penetrating to TTL alti-
tudes as observed by geostationary satellite data (supporting information). The statistics in Figure 5 show
that, without the presence of nearby deep convection, the wave cold phase (T< 0) with ongoing wave
cooling (dT′/dt< 0) is the best condition for cirrus occurrence. This wave-cirrus relationship is particularly pre-
valent in the uppermost TTL over the western Pacific where most tropospheric air enters the stratosphere
[Fueglistaler et al., 2004], indicating an important role of waves on stratospheric water vapor transport.

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