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Introduction

We report here on recent airborne measurements of the tropical tropopause layer (TTL, ~13-19 km) provided by the NASA Airborne Tropical TRopopause Layer EXperiment (ATTREX).  ATTREX is a five-year airborne science program focused on the physical processes occurring in the TTL, which ultimately determine the composition and humidity of air entering the stratosphere.  The long-range, high-altitude Global Hawk (GH) unmanned aircraft system is equipped with twelve instruments measuring clouds, water vapor, meteorological conditions, chemical tracers, chemical radicals, and radiation.  The overall ATTREX project is managed by NASA Ames Research Center, and the Global Hawk program is managed by Dryden Flight Research Center (DFRC).  To date, flights from DFRC in southern California into the deep tropics have been conducted during fall 2011 (three flights) and late winter 2013 (six flights).  Planned flights from Guam in winter and early-summer 2014 will provide extensive measurements in the western Pacific TTL.

Radiative transfer calculations show that even small changes in stratospheric humidity may have climate impacts that are significant compared to those of decadal increases in greenhouse gases (Forster and Shine, 2002; Solomon et al., 2009).  Future changes in stratospheric humidity and ozone concentration in response to changing climate are significant climate feedbacks. While the tropospheric water vapor climate feedback is well represented in global models, predictions of future changes in stratospheric humidity are highly uncertain because of gaps in our understanding of physical processes occurring in the TTL.  The composition and humidity of the TTL are controlled by a complex interplay between slow, large-scale transport, rapid convective transport, atmospheric waves, cloud processes, and radiative heating (see Figure 1).  Observations of the TTL composition are sparse in comparison to other climatically important parts of the atmosphere, partly because the high altitude of the TTL limits sampling with aircraft. Furthermore, the utility of satellite measurements of TTL composition is reduced by the characteristically strong vertical gradients in the TTL.
[image: ttl_processes]
Figure 1. Cartoon showing TTL physical processes, including large-scale transport, detrainment from deep convection, gravity waves, thin cirrus, and radiative heating.
The overarching goals of ATTREX are (1) to improve our understanding of how deep convection, slow large-scale ascent, waves, and cloud microphyiscs control the humidity and chemical composition of air entering the stratosphere, and (2) to improve global-model predictions of feedbacks associated with future changes in TTL cirrus, stratospheric humidity, and stratospheric ozone in a changing climate.  ATTREX is providing an unprecedented dataset of high spatial-resolution measurements of TTL composition necessary to achieve these objectives.
Global Hawk Operations
The Global Hawk is ideal for sampling the TTL.  The aircraft ceiling (ranging from about 54,000 feet (~16.5 km) shortly after takeoff to well over 60,000 feet (~18.3 km) in the latter part of the flight) permits sampling through the depth of the TTL and into the lower stratosphere.  The range of the Global Hawk permits sampling large regions of the Pacific even with flights from DFRC in southern California (see Figures 2 and 3).  As demonstrated on the ATTREX flights, frequent profiling through the TTL is possible with the GH.  The payload capacity (~1,000 lbs) is adequate for carrying instruments necessary to make the key TTL measurements (see payload section below).
The long flight duration of the Global Hawk, as well as the fact that it is an unmanned aircraft, make ATTREX operations quite different from past airborne science campaigns using manned aircraft.  The Global Hawk Operations Center (GHOC) consists of a front room populated by the pilots and mission manager, which essentially serves as a cockpit for the aircraft.  The payload manager, mission scientist, and instrument investigators occupy the back room (separated by a glass wall from the front room).  Given the ATTREX GH flight durations in excess of 24 hours, all key personnel must work in shifts to avoid fatigue.
Inmarsat and Iridium satellite-based communication systems are used for command and control of the GH and its payload.  The GH also includes a Ku dish for high-speed communication with the payload.  Using these communications systems, investigators can remotely monitor their instruments, optimize settings for the conditions being sampled, and correct problems that arise.  The real-time data downloaded to the GHOC is also extremely useful for aircraft operations.  While the aircraft is flying at cruise altitude, the real time Cloud Physics Lidar (nadir) and Microwave Temperature Profiler measurements of clouds and temperature below the aircraft were used to decide when and where to execute vertical profiles.  Real-time data from the in situ instruments was also useful for determining the conditions the GH was sampling.  The real-time direction of the aircraft was facilitated by support from the GH pilots and mission manager who accommodated numerous requests for flight plan changes from the scientists.
It should be noted that operation of the GH presents certain challenges.  Takeoffs and landings are not possible with icing conditions in the area, in precipitation, or with standing water on the runway. The GH was not designed for flying in the extremely cold tropical tropopause air that is critical for ATTREX science objectives, and mitigation measures have been required to ensure that critical aircraft components are not exposed to the extreme outside temperatures.  The GH operation is also dependent on the functionality of multiple satellite communications systems that are not necessarily required for operation of manned aircraft.  Despite these constraints, the Global Hawk has turned out to be an excellent platform for achieving the ATTREX objectives.
ATTREX Global Hawk Payload
The ATTREX payload was designed to address key uncertainties in our understanding of TTL composition, transport, and cloud processes affecting water vapor.  Measurements of water vapor, cloud properties, numerous tracers, meteorological conditions, and radiative fluxes are included (see Table 1).  Instruments were chosen based on proven techniques and size/weight accommodation on the GH.
	Table 1. Global Hawk Payload
	
	
	

	Instrument
	Investigator
	Institution	
	Measurements

	Cloud Physics Lidar (CPL)
	M. McGill
	NASA/GSFC
	Aerosol/cloud backscatter

	Global Hawk Whole Air Sampler (GWAS)
	E. Atlas
	Univ. of Miami
	CFCs, halons, HCFCs, N2O, CH4, HFCs, PFCs, hydrocarbons, etc.

	UAS Chromatograph for Tracers (UCATS)
	J. Elkins
	NOAA/CMDL
	O3, CH4, N2O, SF6, H2O, CO

	NOAA Ozone
	R.-S. Gao
	NOAA/CMDL
	O3

	Harvard University Picarro Cavity Ringdown Spectrometer (HUPCRS)
	S. Wofsy
	Harvard University
	CO2, CO, CH4

	NOAA TDL Water
	T. Thornberry
	NOAA/CMDL
	H2O (vapor and total)

	Diode Laser Hygrometer (DLH)
	G. Diskin
	NASA/LaRC
	H2O vapor

	Hawkeye
	P. Lawson
	Spec, Inc.
	Ice crystal size distributions, habits

	Solar and infrared radiometers
	P. Pilewskie
	Univ. of Colorado
	Zenith and nadir radiative fluxes

	Meteorological Measurement System (MMS)
	P. Bui
	NASA/ARC
	Temperature, pressure, and winds

	Microwave Temperature Profiler (MTP)
	M. Mahoney
	JPL
	Temperature profile

	Absorption Spectrometer (DOAS)
	Stutz/Pfeilsticker
	UCLA/Univ. Heidelberg
	BrO, NO2, OCLO, IO




Water vapor is arguably the most important measurement for addressing the ATTREX science questions.  The very dry conditions present in the tropical tropopause region (H2O concentrations as low as ~1 ppmv) represent a significant challenge for accurately measuring water vapor.  Discrepancies between water vapor concentrations measured with different instruments has plagued past attempts to measure stratospheric water (SPARC 2000, Weinstock et al., 2009).  At the very dry conditions associated with the cold Boreal wintertime tropical tropopause, the discrepancies have been as large as a factor of two in water vapor concentration.
[para on recent developments (Aquavit, MACPEX (Rollins et al. paper)); accuracy adequate for science objectives? Dave?]
The ATTREX payload includes two hygrometers with particular strengths that complement each other.  The NOAA water instrument (added to the payload in 2013) provides an internal tunable-diode laser (TDL) measurement that includes the inflight calibration system used on the CIMS instrument during MACPEX.  Calibration in flight avoids the uncertainty associated with extrapolating ground-based calibrations to the in-flight conditions.  The Diode Laser Hygrometer (DLH) provides an external TDL measurement by firing a laser from the fueslage to a reflector on the wing and measuring the return signal.  The path length (12.2 m) is long enough to provide a precise, fast measurement of water vapor.  The precision is sufficient to permit detection of fine structure in the TTL water vapor field even at a data rate of 100 Hz (corresponding to 1.7-m horizontal resolution along the flight path for a typical GH speed of 172 m s-1).
The ATTREX plan calls for use of the Hawkeye instrument for cloud measurements.  Hawkeye is a combination of two imaging instruments (equivalent to the 2-Dimensional Stereo (2D-S) and Cloud Particle Imager (CPI)) and a spectrometer (equivalent to the Forward Scattering Spectrometer Probe (FSSP)), all of which have been used in the past for airborne cloud measurements.  Since engineering work for the Hawkeye wing mount on the Global Hawk was not included in time, the Fast Cloud Droplet Probe (FCDP) was flown during the 2011 and 2013 flights.  The FCDP is similar to the FSSP in that it measures the scattering from individual cloud particles.  The FCDP was designed for measuring water droplets, and the uncertainty associated with sizing non-spherical ice crystals is not well quantified.  However, the instrument provides accurate measurements of ice concentration in cirrus clouds.  The cloud measurements, along with the water vapor and temperature measurements, will be used to test our theoretical understanding of ice nucleation and ice crystal deposition growth.  These processes control TTL cirrus formation and dehydration of air entering the stratosphere.
The ATTREX payload provides a number of tracer measurements that will be used to quantify transport pathways and time scales into and through the TTL.  High temporal and spatial resolution measurements of basic tracers are included:  The NOAA O3 instrument is a dual-beam UV absorption photometer that provides 1-Hz ozone measurements.  The Harvard University Picarro Ringdown System (HUPCRS) provides precise, stable measurements of CO2 and CH4.  The HUPCRS also includes a CO channel that should provide useful data with some averaging.  [specify; discuss contamination issue and resolution]  The UAS Chromatograph for Atmospheric Trace Species (UCATS) provides measurements of N2O, SF6, H2, CO (tropospheric), and CH4, as well as additional measurements of ozone and water vapor.
The Global Hawk Whole Air Sampler (GWAS) consists of 90 gas can samples that are spaced throughout each flight.  The times for the GWAS samples are determined on a real-time basis depending on flight-plan modifications. Post-flight, detailed gas chromatographic analysis provides a plethora of trace gases with sources from industrial midlatitude emissions, from biomass burning, and from the marine boundary layer, with certain compounds (e.g. organic nitrates) that have a unique source in the equatorial surface ocean.  GWAS also measures a full suite of halocarbons that provide information on the role of short-lived halocarbons in the tropical UT/LS region, on halogen budgets in the UT/LS region, and on trends of HCFCs, CFCs, and halogenated solvents.  
The ATTREX payload also includes radiation measurements, which will be used to quantify the impacts of clouds and water vapor variability on TTL radiative fluxes and heating rates.  The spectral solar flux measurements additionally provide information about cirrus microphysical properties.  Lastly, the Differential Optical Absorption Spectrometer (mini-DOAS) instrument provides slant-path measurements of BrO, NO2, O3, IO, O4, and cloud/aerosol extinction.  The combination of the mini-DOAS BrO (and IO) measurements, along with measurements of major halogenated hydrocarbons will provide constraints on the TTL and lower stratospheric Bry and Iy budgets.
2011 and 2013 Flights
The first ATTREX Global Hawk flights from Dryden Flight Research Center (DFRC) occurred during October and November 2011.  Although focus of the 2011 flight series was evaluation of aircraft and instrument performance under the extreme tropical tropopause conditions, useful science-quality measurements in the TTL were obtained.  Three long flights into the tropics with durations ranging from 15 to 24 hours were conducted (see Table 2 and Figure 2).  These flights targeted cold tropical tropopause regions where in situ cirrus occurrence was likely, regions downstream of deep convection detraining into the TTL, and regions with strong tracer gradients.  Each of the flights included multiple vertical profiles in the tropics (see Table 2), typically extending from cruise altitude (54,000-60,000 ft) down to 45,000 ft (~13.7 km).  As discussed above, real-time lidar data indicating the altitudes and structures of clouds below the aircraft was used to decide when and where to execute vertical profiles.
As a result of instrument development and integration delays the HUPCRS and Hawkeye instruments were not on board during the 2011 flights.  Furthermore, integration and center of gravity issues prevented inclusion of GWAS and CPL in the first 2011 tropical science flight (28−29 October).  The FCDP was flown to provide basic information about the concentration and size of TTL cirrus ice crystals. The NOAA water vapor instrument was not included until the 2013 flights.  The ATTREX instruments that were flown performed remarkably well, particularly given that several of them were on the Global Hawk for the first time.
The 2011 ATTREX measurements provided unique information about TTL cirrus microphysical properties and ice supersaturation (Jensen et al., 2013).  Two classes of TTL cirrus were apparent: (i) vertically extensive cirrus with low ice number concentrations, low extinctions, and large supersaturations (up to ∼70%) with respect to ice; and (ii) vertically thin cirrus layers with much higher ice concentrations that effectively deplete the vapor in excess of saturation. The low-concentration clouds are likely formed on a background population of insoluble particles with low concentrations, whereas the high ice concentration layers (with concentrations up to 10 cm−3) can only be produced by homogeneous freezing of an abundant population of aqueous aerosols. These measurements, along with past high-altitude aircraft measurements, indicate that the low-concentration cirrus occur frequently in the tropical tropopause region, whereas the high-concentration cirrus occur infrequently. The predominance of the low-concentration clouds means cirrus near the tropical tropopause may typically be less effective at dehydrating air entering the stratosphere than is typically assumed on models.
Table 2. ATTREX Global Hawk flights
	Flight
	Date in 2011
	Flight time (hours)
	Tropical sampling region (south of 20 N)
	Notes

	RF01
	28−29 October
	21.4
	6.3−20 N, 113−120 W
	Eastern Pacific TTL profiling

	RF02
	5−6 November
	16.5
	6.5−20 N, 119−127 W
	TTL cirrus sampled

	RF03
	9−10 November
	23.4
	12−20 N, 114−134 W
	TTL cirrus and convective detrainment sampled

	
	
	
	
	

	Flight
	Date in 2013
	Flight time (hours)
	Tropical sampling region (south of 20 N)
	Notes

	RF01
	5−6   February
	24.5
	11.3−20 N, 142−151 W
	Central Pacific TTL profiling

	RF02
	9−10 February
	24.3
	10.1S−20N, 143−150 W
	Meridional TTL cross section

	RF03
	14−15 February
	24.5
	6.8−20 N, 141−172 W
	Central Pacific TTL profiling

	RF04
	21−22 February
	24.6
	12.3S−20N, 100−114 W
	Eastern Pacific meridional cross section

	RF05
	26−27 February
	24.4
	6.5−20 N, 147−174 W
	Central Pacific cold TTL cirrus profiling

	RF06
	1−2 March
	24.1
	0.2−20 N, 93−111 W
	Eastern Pacific cold TTL cirrus profiling



[image: ] 
Figure 2.  Flight paths for 2011 ATTREX flights.
[image: ]
Figure 3.  Flight paths for 2013 ATTREX flights.  Note the different latitude/longitude range here than in Figure 2.
In February-March 2013, six ATTREX flights were conducted from DFRC into the deep tropics (see Figure 3 and Table 2).  Again, the flights targeted cold tropopause regions where TTL cirrus was likely (typically west of Hawaii or in the extreme eastern Pacific), and regions with convective into the upper TTL.  RF02 and RF04 provided surveys of TTL composition versus latitude.
Figure 4 shows an example of the TTL sampling strategy used on these flights.  An even greater emphasis was placed on vertical profiling through the TTL than in the 2011 flights.  The number of TTL profiles per flight ranged from 16 to 24. As a result of a required reduction of the payload power draw when the engine is powered down during descents, the GWAS instrument was only powered and taking samples on ascents.  The engineering for the Hawkeye wing mount was still not complete in time for the 2013 flights, and FCDP was flown again as a substitute.








[image: ]
Figure 4. Example of TTL sampling strategy used for the ATTREX flights.  Top: time series of height and temperature showing numerous vertical profiles.  Bottom left: flight path.  Bottom right; Vertical profiles of temperature and water vapor from an ascent just south of the equator.  Blue circles on all plots indicate the times/locations of GWAS samples.
[Figure: depiction of cold Jan temps with indicators of stratospheric warming, QBO, Kelvin-wave influences.]
[bookmark: _GoBack]The tropical tropopause in January 2013 turned out to be anomalously cold (see Figure 5).  The tropical tropopause temperature was driven downward by multiple effects, including a strong stratospheric sudden warming (SSW), the quasi-biennial oscillation (QBO), and tropical Kelvin waves.  Figure 6 depicts the SSW and QBO effects using MERRA analysis data from 20 December 2012 through 20 January 2013 (before and after the SSW).  A large planetary wave developed in the northern hemisphere and propagated vertically into the stratosphere (indicated by the green lines in Figure 6, which show the Eliassen-Palm flux vectors).  The planetary scale wave deposited easterly momentum in the middle stratosphere. This wave momentum deposition then caused "poleward" motion in the middle stratosphere (B in Figure 6). The poleward motion resulted in sinking in the polar region that rapidly warmed the stratosphere poleward of about 45 N (hence the expression “stratospheric sudden warming”).  The poleward motion (at B in Figure 6) causes a tropical ascent (at C) for balancing the polar descent. This tropical rising motion (C) leads to a ~2 K cooling just above the tropical tropopause.  The QBO is a cyclic variation of tropical winds that has a period of approximately 2-years.  The middle-to-lower stratospheric wind field seesaws between eastward and westward flow.  In January-February 2013, the QBO was in its easterly phase (westward blowing winds), which also induced an effect on temperature, causing approximately a 1-2 K colder temperature (thick blue) at the altitudes below the QBO wind minimum (thick orange).
[image: ]
Figure 5.  Anomalies of monthly-mean zonal average (15 S – 15 N) tropopause temperature from GPM measurements.
[image: ] Figure 6. The blue/red color scale and magenta contours show the zonal mean temperature change (blue/red color scale, magenta contours) between 20 Dec. 2012 and 20 Jan. 2013.  The black streamlines show the time averaged residual circulation (20 Dec. 2012 to 20 Jan. 2013).  The green lines show the average Eliassen- Palm flux vectors, and the thick grey line shows the average tropopause (20 Dec. 2012 to 20 Jan. 2013).  The thick orange line shows the 21-31 January 2013 5 m/s zonal wind contour, and the thick blue line shows the 21-31 January 2013 2 K zonal temperature contour after subtracting the 1979-2012 climatology.  See text for discussion.

Dry air in the tropopause region associated with the anomalously cold January 2013 tropical tropopause was sampled on multiple ATTREX flights, with water vapor concentrations indicated by both the NOAA and DLH hygrometers as low as about 1.5 ppmv.  As with past high-altitude aircraft tropical campaigns, in situ TTL cirrus was generally encountered when the aircraft was directed into cold tropical tropopause regions.  The last flight in 2013 (RF06) provided extensive TTL cirrus sampling in an eastern Pacific tropopause cold pool with minimum temperatures below 185 K.  Figure 7 shows temperature, water vapor, relative humidity, and cirrus ice concentration measurements from an ascent through cirrus layer at the tropopause.  Within the cloud layer between 17.5 and 17.6 km where the ice concentration is several hundred per liter, the relative humidity is 100% (within the 15% combined water vapor and temperature uncertainty), and the water vapor is depleted down to about 1.8 ppmv.  This case is consistent with the cloud and water vapor measurements from the 2011 flight series.
[image: ]
Figure 7. Vertical profile of temperature (black), water vapor (green), relative humidity with respect to ice (blue) and FCDP ice concentration (red dots).  The data shown here is preliminary and may well change with further analysis.  Within the high ice concentration layer between about 17.5 and 17.6 km, both the DLH and NOAA water vapor instruments indicate relative humidity of about 100%, as expected.  Above and below this layer, substantial ice supersaturation is present, and the two water vapor measurements differ by a few tenths of a ppmv.
Two flights (RF03 and RF05) extended as far into the western Pacific cold pool as possible given the GH range.  These flights nearly reached the international dateline (180 E).  Previous measurements have shown that flow around the western Pacific anticyclone that brings air south into the cold tropical region in the vicinity of Hawaii can drive in situ TTL cirrus formation (Pfister et al., 2001).  RF05 provided a case study of cirrus driven by this flow pattern (see Figure 8).  As the GH approached the cold tropopause region at the western end of the flight track, a layer between about 16 and 17.5 km was encountered with low ozone (~25−40 ppbv) and a cloud with relatively high ice water content.  The NOAA total water measurement indicated up to ~20 ppmv condensed mass, which is considerably higher than the background water vapor concentration.  No convection in the immediate vicinity of the flight track was present with cloud tops above about 15 km; however, the low ozone and considerable condensed mass suggest recent convective detrainment near the tropopause.  We hypothesize that convective transport of moist, low ozone air to the tropopause must have occurred upstream of the observed cloud in a location where the tropopause was warm enough such that relatively large water vapor concentrations were left behind after ice sublimation.  This pool of moist, ozone-poor air was then transported around the anticyclone into the cold air southwest of Hawaii, resulting in the TTL cirrus sampled by the GH.  This transport/cloud formation mechanism may be typical for TTL cirrus that occur frequently in the western Pacific.

[image: ]
[image: ]
Figure 8. Top panel: RF05 (26-27 March, 2013) flight path extending into cold air in the central-western Pacific.  Bottom panel: Ozone and total water concentration are plotted versus distance along the flight track for the outbound and return section of the flight path shown in yellow in the top panel.  As the aircraft approached the cold tropopause region at far western end of the track, a layer between about 16 and 17.5 km was sampled with relatively low ozone and high ice water content, both of which suggest recent convective injection to near the tropopause.
[Plot showing GWAS tracers versus potential temperature; discussion of science from combined GWAS and mini-DOAS measurements.]


Summary and Outlook
The western Pacific is a critical region to sample for understanding TTL processes.  The coldest temperatures and largest radiative heating rates occur in the western Pacific, and this region is where models predict parcels frequently experience their final dehydration before entering the stratosphere (Schoeberl and Dessler, 201x).  The next ATTREX flights are planned from Guam (13.5 N, 144.8 E), with flights in January-February for winter season data collection and then additional flights in early summer (May-June).  Figure 9 shows an example of possible GH flight plans from Guam.  The transit from DFRC (orange dotted line in Figure 9) will provide an opportunity to fly a long constant-latitude transect for analysis of tropical waves with scales intermediate between those that can be measured with shorter-range conventional aircraft and those that can be measured with satellite instruments.  The western Pacific cold pool is essentially directly overhead at Guam, therefore the full 24-hour GH flight time will be sampling the region of interest for ATTREX (in contrast to the flights from DFRC that required a 6-8 hour transit to reach the tropical region of interest).  Lagrangian flights along streamlines through the western Pacific cold pool will be used to investigate the full lifecycle of TTL cirrus formation and its impact on the vertical profile of water vapor.
The fact that the ATTREX mission was awarded in 2010 with the intent from the outset to have GH flights from Guam in 2014 has permitted the inception, planning, and approval of two additional aircraft campaigns that will be coordinated with ATTREX.  The United Kingdom Co-ordinated Airborne Studies of the Tropics (CAST) program will bring the FAAM BAe-146 aircraft to Guam, with a payload focused on measurements of tracers and halocarbons.  The BAe-146 flights will be primarily used to survey the chemical composition of the boundary layer and lower free troposphere south of Guam down to the ITCZ.  The National Science Foundation (NSF) Convective Transport of Active Species in the Tropics (CONTRAST) program will bring the NSF GV aircraft to Guam.  The GV payload includes instruments measuring a number of the same tracers measured the CAST and ATTREX instruments on the BAe-146 and GH.   The GV sampling will focus on characterizing the chemical composition and ozone photochemical budget in the primary deep convection detrainment altitude range (about 10 km up to the GV ceiling of about 15 km).  Stacked flights with the three aircraft will provide measurements from the surface up to the stratosphere.
[image: MLSWV_06_d1-31_tv_gmt2tracks_new_not.eps] 
Figure 8.  Hypothetical paths for 2014 ATTREX Global Hawk flights from Guam.
As with all NASA science missions, the final archived data from ATTREX (due 21 months after each flight series) becomes public immediately.  Data from the 2011 ATTREX flight series is publicly available on the Earth Science Project Office archive (espoarchive.nasa.gov).  We are hopeful that the ATTREX dataset will be useful for evaluating and improving representations of TTL composition and physical processes in global models.  [Elaborate with specific reference to activities such as CCMI.]
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