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Abstract The Convective Transport of Active Species in the Tropics (CONTRAST) experiment was an
aircraft-based field campaign conducted from Guam (14°N, 145°E) during January–February 2014. Aircraft
measurements included over 80 vertical profiles from the boundary layer to the upper troposphere (~15 km).
A large fraction of these profiles revealed layered structures with very low water vapor (relative humidity
<20%) and enhanced ozone, primarily in the lower-middle troposphere (~3–9 km). Comparing CONTRAST
water vapor measurements with co-located profiles from National Centers for Environmental Prediction
Global Forecast System (GFS) analyses, we find good agreement for dry layers, including profile-by-profile
comparisons and statistical behavior. We then utilize GFS data to evaluate the frequency of occurrence and
3-D structure of dry layers for the CONTRAST period to provide perspective to the campaign measurements
and evaluate the global climatological behavior based on a longer record. GFS data show that dry layers
occur ~50–80% of the time in the subtropical troposphere, maximizing on the equatorward side of the
subtropical jets in the winter hemisphere. Subtropical dry layers occur most frequently over isentropic levels
~320–340 K, which extend into the extratropical upper troposphere-lower stratosphere (UTLS). Similar
statistical behavior of dry, ozone-rich layers is found in long-term balloon measurements from Reunion Island
(21°S, 56°E). The climatologically frequent occurrence of dry, ozone-rich layers, plus their vertical and spatial
structures linked to the subtropical jets, all suggest that dry layers are linked to quasi-isentropic transport
from the extratropical UTLS and suggest a ubiquitous UTLS influence on the subtropical middle troposphere.

1. Introduction

Dry regions in the subtropical troposphere are a climatological feature that has a strong impact on
global radiative balances, as they influence the ability of the climate system to radiate heat to space
[Pierrehumbert, 1995]. Satellite observations show that dry regions (areas with relative humidity (RH) less than
20%) occur as a climatological feature in the lower-middle troposphere, centered near 20–30°N and 20–30°S
[e.g., Gettelman et al., 2006; Ruzmaikin et al., 2014]. The mechanisms that maintain these dry regions are
complex and are linked to some combination of quasi-isentropic transport from the extratropical upper
troposphere-lower stratosphere (UTLS) and downward circulation in the Hadley cells. Galewsky et al. [2005]
used trajectory calculations based on meteorological reanalysis to demonstrate that dry air in the subtropical
troposphere is produced by isentropic transport of dry air by midlatitude eddies. Similar conclusions were
reached by Cau et al. [2007], who furthermore describe different dynamical mechanisms for exchanges with
the extratropical UTLS. Dessler and Minschwaner [2007] highlight the importance of isentropic exchanges
with midlatitudes, in addition to downward fluxes from the upper troposphere in the Hadley circulation. A
recent review and discussion of the dry subtropical regions is found in Sherwood et al. [2009].

A phenomenon possibly related to the climatologically dry subtropics is the frequent occurrence of isolated
dry layers throughout the tropical and subtropical troposphere, which have been observed in radiosonde
and aircraft measurements during research campaigns. Observations during the early 1990s from Central
Equatorial Pacific Experiment [Kley et al., 1997] and Tropical Ocean–Global Atmosphere Coupled Ocean-
Atmosphere Response Experiment [Mapes and Zuidema, 1996; Yoneyama and Parsons, 1999] noted dry,
narrow vertical layers in the deep tropics and highlighted their influence on thermodynamic and radiative
structures. Aircraft measurements from the series of NASA Pacific Exploratory Mission (PEM) experiments
(PEM-West A,B and PEM-Tropics A,B [Newell et al., 1996; Wu et al., 1997; Stoller et al., 1999; Thouret et al.,
2001]) showed the frequent occurrence of layered structures in water vapor and ozone (and other
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constituents) in the tropics. The most
frequently occurring structures were
layers with anomalously dry air and high
ozone. The frequent occurrence of such
layers was furthermore documented
using Measurements of Ozone and
Water Vapor by Airbus In-Service
Aircraft (MOZAIC) aircraft measure-
ments, in particular using profiles on
takeoff and landing, by Thouret et al.
[2000]. This overall behavior from the
PEM and MOZAIC aircraft data were
summarized by Newell et al. [1999],
showing that approximately 15–20% of
the tropical atmosphere up to 12 km
were occupied by layered structures
(with maximum occurrence near
5–7 km); the layers were typically
0.5–1.0 km thick, and approximately
50% of the observed layers were anom-
alously dry with enhanced ozone. A
complementary observational study by

Hayashi et al. [2008] highlighted the frequent occurrence of tropospheric ozone-rich layers in tropical ozone-
sonde measurements, finding that 50–80% of the events were coincident with extreme dry layers. Kley et al.
[2007] also show measurements of dry, high-ozone air in the subtropical latitudes of the central Atlantic
Ocean, surrounding wet, low-ozone air over the convective deep tropics.

The Convective Transport of Active Species in the Tropics (CONTRAST) experiment was an aircraft-based field
campaign conducted from Guam (14°N, 145°E) during January–February 2014, using the NSF/National Center
for Atmospheric Research (NCAR) Gulfstream V (GV) research aircraft [Pan et al., 2016]. CONTRAST was one of
three coordinated airborne experiments, aimed at investigating the impact of deep convection and convec-
tive transport on atmospheric composition over the tropical western Pacific (TWP) Ocean during boreal win-
ter. A total of 16 research flights were conducted during CONTRAST using the GV, with highly accurate
measurements of water vapor and a large suite of chemical tracers, in addition to meteorological parameters.
Each of the research flights included long horizontal legs (typically between 12 and 14 km), in addition to sev-
eral vertical profiles from the marine boundary layer (near 0.1 km) to the upper troposphere (up to ~15 km).
Including sampling during takeoff and landing, there were over 80 vertical profiles obtained over the TWP
during CONTRAST. A majority of the vertical profiles from CONTRAST showed layered structures with low
water vapor and enhanced ozone, primarily over altitudes of 3–9 km (approximately 320 K to 340 K in poten-
tial temperature). An example of this behavior is shown in Figure 1 for profiles during the research flight of 23
January 2014. The measurements show extremely dry air in horizontal layered structures over 4–8 km, with
values as low as 30 ppmv (RH <1%) near 8 km. The dry layers in Figure 1 have sharp vertical gradients and
are strongly correlated with enhanced ozone. Such anomalously dry, ozone-rich layers were observed in
~80% of the profiles during CONTRAST. While the dry, ozone-rich layers in CONTRAST are similar to previous
observations in the tropics noted above, the frequency of occurrence is much higher than previous measure-
ments (e.g., Newell et al. [1999] and Thouret et al. [2000] calculate occurrence frequencies of 15–20%).
Furthermore, the thickness of the layers from CONTRAST is often several kilometers (up to ~7 km), much
wider than the layers of ~0.5–1.0 km reported in other studies (although the specific definition of a “layer”
can vary among different studies).

The goal of this study is to utilize global analyses of water vapor from a state-of-the-art meteorological ana-
lysis system to compare with CONTRAST measurements and to provide a broader perspective and context to
the relatively short-term field experiment. We use analyses from the National Centers for Environmental
Prediction (NCEP) Global Forecast System (GFS), as these fields were part of the meteorological products
utilized in CONTRAST. We explicitly compare the water vapor profiles measured in CONTRAST with nearly

Figure 1. Vertical profiles of (left) ozone and (right) water vapor mixing
ratios from CONTRAST research flight number 3 (23 January 2014). The
water vapor mixing ratio is on a log scale, and the dashed lines indicate
the isopleths of relative humidity.
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co-located GFS results. The comparisons show good agreement, demonstrating that the dry layers are
reasonably well captured in the GFS results. We then use the globally gridded GFS analyses to quantify the
large-scale behavior of dry layers during CONTRAST and additionally use a longer-term record to evaluate
the climatological behavior of anomalously dry layers over the globe.

The GFS data show that dry layers are a common feature in the subtropics, especially in the winter hemi-
sphere. We present further analyses of a long record of balloon measurements of water vapor and ozone
from Reunion Island (21°S, 56°E), which is located within a maximum dry layer occurrence region identified
by the GFS analyses. The Reunion Island observations are compared with the CONTRAST and GFS results
and further characterize the dry, ozone-rich layers in the subtropical troposphere. The consistency of the
GFS, CONTRAST, and balloon sounding data, plus the geographical and season locations of the dry air derived
from GFS data, provide information on the mechanisms maintaining the subtropical dry regions.

As a note, our discussions often involve the terms tropics, subtropics, and extratropics. While there are various
definitions of these regions based on different metrics (see the discussion in Birner et al. [2014]), in this work
we refer to the region 20° equatorward of the subtropical jet core (zonal wind maximum) to be subtropics.
This choice assigns the subtropics in the winter hemisphere, where we identify the more frequent dry
layers, to be approximately 10°–30° in latitude. Correspondingly, we refer to the region equatorward of the
subtropics, approximately 10°S–10°N, as the deep tropics, and poleward of the jet core to be the extratropics.

2. Data and Analyses
2.1. CONTRAST Observations

An overview of the CONTRAST field experiment is provided in Pan et al. [2016]. During the CONTRAST
campaign time period (January–February 2014), the base of the flight operations (Guam) is located in the
descending branch of the Hadley cell, with only occasional deep convection. The region south of Guam is
dominated by active convection. Most flights were conducted south of Guam, over the tropical Pacific warm
pool, since the campaign was designed to target the convective influence on the upper troposphere. Satellite
measurements from CloudSat show that upper troposphere cloud fractions are approximately 20–30% in the
region south of Guam [Pan et al., 2016, Figure 3].

The in situ water vapor measurements on the GV were made using the vertical cavity surface-emitting laser
instrument [Zondlo et al., 2010]. The accuracy of water vapor mixing ratio is estimated to be within 6% for the
range of measurements during CONTRAST. Relative humidity (RH) is calculated from the water vapor mea-
surements and co-located GV temperatures [Pan et al., 2015]; RH is calculated with respect to liquid water
(ice) for temperatures above (below) 0°C. In situ ozone measurements were made using the NCAR chemilu-
minesence instrument [Ridley et al., 1992], with an accuracy estimated within 5%. Data for the CONTRAST
experiment are reported at 1Hz. With typical airspeed and vertical climb rates, the vertical resolution for
profiles at 1 Hz sampling is approximately 7m.

The flight tracks for the CONTRAST campaign are illustrated in Figure 2a, together with locations of the ver-
tical profiles. Values of RH along the flight tracks are shown in Figure 2b, highlighting the frequent occurrence
and broad spatial extent of the dry layers (RH <20%) encountered throughout the experiment.

As noted above, the dry layers in CONTRAST were almost always observed in combination with enhanced
ozone (values of 40–80 ppbv, well above the background of ~20 ppbv; Figure 1). Pan et al. [2015] analyzed
the behavior of the enhanced ozone layers, including their close association with coincident dry
layers. The spatial patterns of enhanced ozone [Pan et al., 2016, Figure 11] are similar to the dry layers in
Figure 2b. The statistical relationship of water vapor (expressed as RH) and ozone for the CONTRAST vertical
profiles in the lower-middle troposphere is shown in Figure 3. The distribution is organized into two distinct
groups of air characteristics: extremely dry air (RH <10–20%) with ozone above 30 ppbv and moister air (RH
>40%) with ozone ~20 ppbv. The overall distribution may be characterized as bimodal in either ozone [Pan
et al., 2015] or RH separately, but the two-dimensional ozone-RH distribution clearly identifies this behavior,
serving as a fingerprint for the dry, high-ozone layers.

2.2. GFS Analyses

The NCEP GFS is a comprehensive weather analysis forecast model described in http://www.emc.ncep.noaa.
gov/GFS/.php. Our focus is on the GFS analysis of water vapor (or RH, derived from combined water vapor
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and temperature fields), sampled 4 times daily on a horizontal grid of 0.5° × 0.5°, and standard pressure levels
(with approximately 1 km vertical spacing). Some of the important observational data that help to constrain
the humidity analyses include high vertical resolution water vapor measurements from Atmospheric Infrared
Sounder (AIRS) [Ruzmaikin et al., 2014] and Infrared Atmospheric Sounding Interferometer (IASI) [e.g., Hilton
et al., 2009] satellite instruments, which are incorporated into an assimilation system with high-quality
meteorological forecasts. Ciesielski et al. [2014] compare GFS analyses of RH with high-quality radiosonde
RH measurements in the tropics, showing reasonable agreement over most of the troposphere but a moist
bias in the upper troposphere (pressures <300 hPa).

Figure 2. (a) Map showing CONTRAST research flights, with red dots indicating locations of vertical profiles from
near-surface to the upper troposphere. (b) Flight tracks from CONTRAST color coded according to relative humidity. The
background lines indicate the zonal winds (blue), isentropes (black dashed), PV = 2 tropopause (red dashed line), and
thermal tropopause (black dots) near longitude 145°E.
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2.3. Reunion Island
Balloon Soundings

Regular ozonesonde measurements
have been made at Reunion Island
(21°S, 56°E) as part of the Southern
Hemisphere Additional Ozonesondes
program since 1998 [Thompson et al.,
2003]. Soundings are available
approximately 1–4 times per month,
with a total of over 500 soundings
during 1998–2015. Balloon sondes
typically extend from the surface to
~30 km or above. Ozone data are from
electrochemical concentration cell mea-
surements, with a precision (accuracy)
better than �3–5% (�5–10%) below
30 km [Smit et al., 2007]. Temperature,
pressure, and humidity are obtained
from Vaisala RS80 radiosondes during
1998–2006 and French Modem radio-

sondes after 2007. Because of relatively large uncertainties (and dry biases) for the radiosonde humidity
measurements above 10 km [Miloshevich et al., 2006], we focus on the radiosonde humidity measurements
over 0–10 km. Ciesielski et al. [2014] report moist biases of ~10% in the Modem radiosondes for altitudes
up to 10 km, but these relatively small biases should not strongly influence the results shown here.

3. Results
3.1. Comparison of CONTRAST In Situ Water Vapor with GFS Analyses

We have compared the aircraft in situ water vapor profiles with nearly co-located GFS analyses for all of the 80
vertical profiles during CONTRAST. Figure 4 shows the examples for six profiles with anomalously dry layers
during separate research flights (hereafter, “dry layers” are defined as regions with RH <20%). The dry layers
in these profiles have a range of behaviors, from broad layers approximately 5–7 km thick (on research flights
RF02, RF06, RF09, and RF12) to relatively narrow layers 1–2 km thick (RF03 and RF07). In general, broader
layers were observed in the subtropics and narrower layers in the deep tropics. For comparison, we show
the GFS analysis results for each profile interpolated from nearby grid points, using the analysis closest in time
to each research flight. Overall the GFS analyses are in reasonable agreement with the in situ measurements
for each comparison, especially for the broader vertical-scale features. The extreme dryness of the narrow
features on RF03 and RF07 is not accurately captured in the analyses, although the altitude of the layers is
reasonably correct. Another difference between GFS and CONTRAST measurements is the sharpness of the
vertical gradients at the edges of the layers, which GFS cannot reproduce because of its vertical resolution.
Comparisons as in Figure 4 were examined for all of the CONTRAST profiles, revealing only a few cases
(~10%) where the overall profiles were in poor agreement.

Figures 5a and 5b show the scatterplots of GFS versus CONTRAST humidity observations combining all of the
80 vertical profiles, comparing specific humidity (Figure 5a) and relative humidity (Figure 5b). Results in
Figure 5 focus on altitudes 3–9 km (the region of most frequent dry layers). In these plots we have smoothed
the high-resolution CONTRAST measurements by taking 60 s averages along the flight tracks (separately
for water vapor and temperature). This results in an approximate vertical smoothing over ~0.5 km, providing
more comparable vertical resolution between GFS and CONTRAST. Specific humidity comparisons (Figure 5a)
show strong correlations (r2 ~0.95, calculated in log coordinates because of the large range of variability),
although much of the overall structure is tied to the general decrease of water vapor with altitude. The direct
comparisons show excellent agreement for relatively high values of specific humidity (>1 g/kg), while for
lower values the GFS analyses show a systematic wet bias (more than a factor of 2 for specific humidity
<0.1 g/kg). A more stringent comparison is given by comparing point-by-point values of RH (Figure 5b).

Figure 3. Two-dimensional distribution of ozone versus relative humidity
for all of the CONTRAST vertical profiles, based on measurements over
altitudes 3–9 km (the region of most frequent dry layers).
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The results show strong correlation (r2 ~0.76) but also show a moist bias for the GFS analysis. The driest air
masses in CONTRAST (RH <10%) do correspond to dry air in GFS analyses, although slightly moister (RH
<20%). However, the overall comparisons in Figure 5 suggest that relatively dry and moist regions observed
in CONTRAST are captured in the GFS analyses (and a threshold of RH<20% will capture the driest air in both
data sets).

Further comparisons of the in situ and GFS data are made by evaluating probability distribution functions
of water vapor mixing ratio versus altitude, as shown in Figure 6. Results from the in situ measurements

Figure 4. Vertical profiles of water vapor mixing ratio from CONTRAST (blue lines) and co-located GFS analyses (orange), for
measurements from six separate research flights. Note the log horizontal axes. The black dashed lines indicate the isopleths
of relative humidity.
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(Figure 6a) are based on the 80 individual vertical profiles, organized into 0.5 km altitude bins, with the dis-
tribution normalized for each separate altitude. The results in Figure 6a highlight the frequent occurrence
of dry air over altitudes 3–9 km, with RH often below 10%. Results from GFS data (Figure 6b) are calculated
in a similar manner but include all grid points in the CONTRAST domain (0–20°N, 130–165°E; see Figure 2a)
for all days during January–February 2014. These plots thus compare the statistical distribution from the
actual CONTRAST flight sampling versus the GFS analysis over a similar domain (with much denser space-
time sampling). The statistical behavior of GFS data in Figure 6b shows quite reasonable agreement to the
CONTRAST results, showing the frequent occurrence of dry air over a similar altitude range (3–9 km).
Overall these comparisons of individual profiles (Figure 4), statistics of all profiles (Figure 5), and statistics
for the region around Guam (Figure 6) show good agreement between in situ measurements from
CONTRAST and GFS analyses. Although there is a systematic wet bias in the GFS analyses for the driest air
masses (Figure 5), the GFS data are able to capture the overall behavior of the extreme dry air. This prompts
the use of GFS data to evaluate the behavior of dry air over larger geographic areas, as a context for the
CONTRAST measurements.

Figure 6. Distribution of water vapor mixing ratios as a function of altitude for (a) CONTRAST measurements and (b) GFS
analyses. The CONTRAST data are from all of the vertical profiles, binned into 0.5 km altitude levels. The GFS analyses are
sampled over a region around Guam (0–20°N, 130–165°E) for the time period covering CONTRAST and are on the standard
pressure levels. The distributions are normalized for each separate vertical level. The heavy dashed lines indicate the
isopleths of relative humidity.

Figure 5. Scatterplots of CONTRAST water vapor measurements versus co-located GFS analyses for (a) specific humidity
(note the logarithmic axes) and (b) relative humidity. Results are based on all of the 80 vertical profiles during
CONTRAST. The in situ CONTRAST water vapor and temperature measurements are averaged in time using 60 s averages to
make these comparisons, corresponding to an approximate vertical averaging of ~0.5 km.
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3.2. GFS Distribution of Dry Air During CONTRAST

Here we use the gridded GFS analysis to identify the frequency and spatial structure of the dry layers during
the CONTRAST period to give a large-scale perspective to the aircraft measurements. The frequency of occur-
rence of dry air (RH<20%) on the 330 K isentropic level, based on GFS data during January–February 2014, is
shown in Figure 7. Here we simply count the occurrence of dry air at each grid point and calculate a fractional
occurrence. In the deep tropics the 330 K isentrope is near 5.5 km (~500 hPa), which is near the level of
maximum occurrence of dry air in Figure 6; this isentrope slopes to higher altitudes (~10–11 km) in middle
latitudes (see Figure 2b). The results based on GFS data in Figure 7 show that dry air occurs frequently (above
60–70% of the time) in the subtropical region near Guam (~10–30°N), over longitudes ~100–200°E, with
maximum occurrence on the equatorward side of the subtropical jet. Dry regions occur frequently over other
isolated regions in the tropics in Figure 7, but the most extensive regions of dry air occur in the northern
subtropics near Guam.

Figure 8a shows a latitude-height cross section of the dry air occurrence frequency from GFS data at longi-
tude 145°E, which is near themaximum identified in Figure 7 (and close to Guam). Figure 8a includes the isen-
tropes and zonal winds to provide a large-scale dynamical perspective. The patterns in Figure 8a show the
enhanced occurrence frequency in the northern subtropics (over ~10–30°N), spanning isentropic levels
~320–340 K (altitudes 3–9 km). These maxima occur on the equatorward side of the time mean subtropical
jet near 35°N. There are weaker frequency maxima (~40%) in the southern subtropics, which are similarly
positioned on the equatorward side of the jet centered near 45°S. There are also frequent low-RH dry regions
in the middle- and high-latitude stratosphere in both hemispheres in Figure 8a, as expected. For comparison,
Figure 8b shows the time-averaged water vapor mixing ratio from GFS data at the same longitude, highlight-
ing the moist tropics and lower troposphere in middle latitudes, with strong latitudinal gradients along isen-
tropes that span the tropics to midlatitudes and cross beneath the subtropical jet core (e.g., 320–340 K). The
high frequency of subtropical dry air in Figure 8a occurs in this region of strong gradients, which separate the
moist tropics from relatively dry air in the extratropics.

3.3. Climatology of Subtropical Dry Air

The GFS data allow the calculation of the space-time behavior of dry air occurrence frequency throughout the
annual cycle. Figure 9 shows the behavior of dry air (RH <20%) frequency at the 330 K isentropic level

Figure 7. Spatial distribution of the occurrence frequency of dry air (RH <20%) at the 330 K isentropic level for statistics
during January–February 2014 (during CONTRAST), derived from GFS analyses. The pink lines show the corresponding
zonal winds (m/s). The location of Guam is noted.
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calculated from averages over 2010–2014, for statistics during solstice seasons December-January-February
(DJF) and June-July-August (JJA). The overall patterns show high occurrence frequency in the subtropics of
both hemispheres, with relative maxima in the winter hemisphere. The corresponding patterns during the
equinox seasons are similar overall (Figure S1 in the supporting information). In general, the maxima occur
on the equatorward side of the strong subtropical jet streams. In the northern hemisphere (NH) winter
(and spring; Figure S1) there are three frequency maxima which occur near the exit regions of the climatolo-
gical jet maxima over the Middle East, the western Pacific, and North America. This co-location may suggest a
relationship between the frequent occurrence of subtropical dry air and jet dynamics. The dry air is ubiqui-
tous in the southern hemisphere (SH) subtropics during austral winter (JJA), with frequencies >90% over
much of the globe except for the Australian-western Pacific sector. We have examined year-to-year variability
in these patterns, and the large-scale features are repeatable for the most part each year (not shown).

Latitude-height cross sections of the dry air occurrence frequency averaged over all longitudes during DJF
and JJA are shown in Figure 10 to illustrate the behavior in relation to isentropes and jet structure. There
are frequency maxima over ~10–30°N and ~10–30°S in both seasons on the equatorward side of the

Figure 8. (a) Latitude-altitude cross section at 145°E of the occurrence frequency of dry air (RH <20%) during January–
February 2014, derived from GFS analyses. Zonal winds, isentropes, and altitude of the PV = 2 tropopause (yellow line)
are also included. (b) Cross section of water vapor mixing ratio at 145°E from GFS analysis.
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subtropical jets, spanning isentropes ~310–340 K (altitudes 3–9 km). The maximum dry air frequency is larger
in the winter hemisphere and more frequent in the SH compared to the NH (maximum frequency of ~75% in
the SH during JJA versus ~60% in the NH during DJF, for the zonal average statistics in Figure 10). Similar
patterns are observed for the equinox seasons (Figure S2), with more symmetry of the patterns
between hemispheres.

The GFS data show that the subtropical dry air occurs most frequently in the winter hemisphere, linked with
the strength of the subtropical jets. This behavior is illustrated in Figure 11, showing the zonal average occur-
rence frequency of RH <20% (derived from data points at all longitudes) at 330 K for the year 2014, together
with the corresponding zonal average zonal winds. Dry air occurs frequently over 20–30°N and 20–30°S, with
winter maxima on the equatorward side of the strongest subtropical jets. Frequent dry regions occur all year

Figure 9. Fractional occurrence of dry layers (RH<20%) on the 330 K isentrope during (a) DJF and (b) JJA, derived from GFS
analyses over 2010–2014. The pink lines show the corresponding seasonal zonal winds. The white arrow in JJA denotes the
location of Reunion Island.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025841

RANDEL ET AL. DRY LAYERS IN THE TROPICAL TROPOSPHERE 10



in the SH, while in the NH there are relatively few during boreal summer. Close inspection of Figure 11 shows
the high-frequency variations in the occurrence of dry layers, which may be linked to fluctuations in jet
structure. Other years show similar overall behavior.

3.4. Water Vapor and Ozone Soundings from Reunion Island

The GFS data show that dry air is frequent in the SH subtropics during austral winter (Figures 9b and 11).
It happens that the maximum occurrence frequency is located almost directly over Reunion Island (located
with the arrow in Figure 9b), where long-term regular ozonesonde measurements have occurred
[Thompson et al., 2003; Clain et al., 2009]. These data allow evaluation of humidity profiles (for comparison
to GFS) and ozone-humidity relationships (for comparison to CONTRAST). Our analyses focus on measure-
ments during June to August 1998–2015, including a total of ~170 soundings.

An example of the Reunion Island profile measurements is shown in Figure 12a. The ozone profile shows
enhancements in the lower-middle troposphere (~3–8 km), coincident with dry air (RH<10%). The boundary
layer is characterized by lower ozone and high RH, and ozone decreases above 8 km (before increasing
to stratospheric values above 14 km). As noted above, the radiosonde RH measurements have larger
uncertainties above 10 km and results are not analyzed above that level. The dry air (RH <20%) above the

boundary layer is a frequent occurrence
at Reunion Island during JJA, as shown
in Figure 12b. The statistics derived from
the balloon measurements agree well
with results from the GFS analyses
near Reunion (Figure 12b), with a clear
maximum in occurrence for altitudes
~3–8 km (note that this is consistent
with the behavior near 20°S in
Figure 10).

The statistical relationship between
ozone and RH derived from the
Reunion soundings is shown in
Figure 13, using all measurements over
0–10 km. These results show a bimodal
distribution of air parcels with low
RH (<20%) and enhanced ozone
(~40–80 ppbv) versus those with low
ozone (<40 ppbv) and RH >50%. The
bimodal distribution is similar to the

Figure 10. Climatological (2010–2014) latitude-altitude cross sections of the occurrence frequency of dry air (RH <20%)
calculated for all longitudes (i.e., zonal averages) during (a) DJF and (b) JJA. Zonal winds, isentropes, and altitude of the
PV = 2 tropopause (yellow line) are also included.

Figure 11. Latitude versus month occurrence frequency of dry air (RH
<20%) on the 330 K isentrope during 2014, derived from GFS analyses.
Fractional values are calculated for each day using data at all longitudes
(i.e., zonal averages). The white lines show the corresponding zonal
average zonal winds at 330 K.
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CONTRAST statistics in Figure 3 and suggests a similar overall morphology and origin of the dry air for both
situations. We note that frequently enhanced ozone in the troposphere (~6–10 km) at Reunion Island has
been noted previously by Baray et al. [1998, 2000], who suggest an origin linked to persistent stratospheric
air intrusions beneath the winter subtropical jet.

4. Summary and Discussion

Aircraft observations during CONTRAST detected the frequent occurrence of dry layers in the greater area
around Guam (~0–20°N, 130–165°E). These layers occurred primarily over altitudes 3–9 km and were strongly
correlated with enhanced ozone; the ozone-RH relationship (Figure 3) serves as a fingerprint of the distinct air
characteristics. These dry, ozone-rich layers are similar to previous observations [Newell et al., 1996; Thouret
et al., 2000], but the CONTRASTmeasurements showedmuch higher frequency and oftenmuch thicker layers
than reported previously. These differences may be attributable to the location and timing of the CONTRAST

observations, near a region of very fre-
quent dry air (Figure 7). The relatively
thick dry layers encountered during
CONTRAST (e.g., RF02, RF06, and RF12 in
Figure 4) may be linked to proximity to
the subtropical jet, compared to mea-
surements across a broad region of the
tropics from PEM and MOZAIC; broader
layers near the subtropical jets may be
sheared by circulation into relatively
narrow-scale features in the deep tro-
pics. One objective of this paper was to
compare the CONTRAST aircraft mea-
surements of water vapor with results
from GFS analysis. Our results show
overall good agreement between the
in situ measurements and global ana-
lyses, including for individual profile
comparisons (Figures 4 and 5) and
for the statistical behavior over the
CONTRAST region (Figure 6). However,
the lower vertical resolution of GFS does

Figure 12. (a) Vertical profiles of ozone and relative humidity (RH) from Reunion Island on 21 July 2004. (b) Frequency of
occurrence of RH <20% derived from 170 Reunion Island ozonesonde profiles during JJA 1998–2015 (black) and GFS
analyses at Reunion Island during JJA 2000–2014 (red). The radiosonde humidity measurements have large uncertainties
above 10 km and are not shown.

Figure 13. Two-dimensional distribution of ozone versus relative humid-
ity for ozonesonde soundings at Reunion Island during JJA during
1998–2014 (total of 170 soundings). This distribution is based on mea-
surements over 0–10 km.
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not resolve the thinner layers, and GFS does not capture the driest layers. While the GFS analyses show a
relative moist bias for the driest regions (Figure 5), the overall comparisons suggest that the analyses can
accurately capture the magnitude and statistical behavior of dry air in the tropical and subtropical tropo-
sphere. This behavior is consistent with results based on ERA-40 reanalysis from Cau et al. [2005], and we have
found similar good comparisons to CONTRAST measurements using ERA-Interim reanalysis (results not
shown). The ability of the global analyses to capture the behavior of dry layers is likely attributable to assim-
ilation of high vertical resolution water vapor measurements from satellite instruments such as AIRS
[Ruzmaikin et al., 2014] and IASI [e.g., Hilton et al., 2009], combined with high-quality meteorological forecasts.
Rieckh et al. [2016] have recently shown that retrievals from GPS radio occultation can also accurately capture
the dry layer behavior.

We have utilized the GFS analyses to quantify the frequency of occurrence and spatial structure of dry air
during the time of the CONTRAST campaign. Dry air (RH <20%) occurred frequently (>70%) in the northern
subtropics over longitudes ~60–180°E, on the equatorward side of the strong Asia-Pacific jet (Figure 7). This is
precisely the region around Guam sampled by the CONTRAST measurements, so that CONTRAST was in the
right location and right season to observe these features (although the goals of CONTRAST were mainly
aimed at chemical behavior of the tropical upper troposphere, and the midtropospheric dry layers were
not a prime objective). The GFS analyses show that subtropical dry air occurs primarily over potential tem-
perature levels ~320–340 K (~3–9 km in the subtropics). These isentropes slope strongly upward with increas-
ing latitude and intersect the extratropical UTLS (a reservoir of dry, ozone-rich air). The subtropical dry layers
occur in the region of strong background gradients of water vapor (Figure 8b), which characterize the transi-
tion between tropical and extratropical air masses.

We have furthermore used the GFS analyses to characterize the climatological global behavior of dry air. The
results (Figures 9–11 and S1 and S2) show dry air as a persistent feature of the subtropics throughout the year,
with maximum occurrence on the equatorward side of the subtropical jets during the respective winter sea-
sons. Our results are consistent with Casey et al. [2009], based on AIRS satellite data, although they focus
mainly on the deep tropics and possible interactions of dry layers with convection (regions of outgoing long-
wave radiation <240Wm�2). During NH winter (Figure 9a) the GFS data suggest three subtropical dry layer
maxima, co-located with the downstream end of the subtropical jets over the Middle East, East Asia, and
North America. Subtropical dry layers are especially ubiquitous in the SH winter (JJA), with occurrence
frequencies >80% over most longitudes (aside from the southwest Pacific and over South America). In all
seasons the subtropical dry air occurs primarily over isentropic levels ~320–340 K (Figure S2), consistent with
the behavior observed in CONTRAST in situ measurements.

The climatological spatial patterns of the frequent dry air seen in Figure 9 can be partly explained by the
location of climatological tropical precipitation, which will act to moisten, vertically homogenize, and
remove dry layers. Figure 14 shows the dry air occurrence frequency during DJF and JJA (same data as in
Figure 9), overlaid with climatological precipitation patterns derived from Global Precipitation Climatology
Project [Adler et al., 2003]. In both seasons the spatial patterns of frequent dry air and climatological
precipitation are approximately orthogonal in the tropics, i.e., tropical regions that are distant from
precipitation are characterized by frequent lower-middle tropospheric dry air. One interpretation of this
behavior is that dry air can originate in the subtropics as a result of quasi-isentropic meridional transport
[e.g., Galewsky et al., 2005], and these layers are stable and can persist until encountering regions of
persistent convection. Note that the large-scale patterns of tropical convection are forced by tropical circu-
lations and low-level convergences; although the presence of midtropospheric dry layers may increase
stability and tend to inhibit deep convection [e.g., Mapes and Zuidema, 1996; Brown and Zhang, 1997;
Parsons et al., 2000], they are probably not a dominant mechanism for setting the climatological
precipitation structure.

The tropical precipitation and dry air patterns in Figure 14 are also closely linked with the local Hadley and
Walker overturning circulations; regions of strong precipitation are linked with upward motions, while the
dry layers occur in regions of climatological descent. The mean subsidence in the dry layer regions may help
to suppress convection and lead to overall drying in these regions. However, the characteristic signatures of
horizontally layered dry structures, correlated with high ozone, occurring primarily over isentropic layers con-
necting the subtropical troposphere to the extratropical UTLS, are most simply explained by persistent quasi-
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isentropic mixing under the core of the subtropical jet (linked to Rossby waves, persistent large-scale tropo-
pause folds [Baray et al., 2000], or the variety of dynamical mechanisms discussed by Cau et al. [2007]). This
interpretation is consistent with the water vapor trajectory studies of Galewsky et al. [2005] and Cau et al.
[2007] and with the well-known behavior of quasi-isentropic mixing between low and middle latitudes [e.g.,
Pierrehumbert and Yang, 1993; Bowman and Carrie, 2002]. We note that this layered behavior occurs
primarily below the subtropical jet core, and is consistent with the weaker transport across the jet core
[Haynes and Shuckburgh, 2000; Abalos et al., 2016], which provides a simple explanation for why the

Figure 14. Distribution of dry layer occurrence frequency at the 330 K isentropic level (grey scale), overlain with climatolo-
gical precipitation derived from GPCP (blue colors). Results are shown for (a) DJF and (b) JJA. The pink lines denote the
seasonal zonal winds (m/s) at 330 K.
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subtropical dry air does not typically
extend above ~9 km (340 K; i.e., this
process sets the vertical scale of the
dry layers). Such behavior would
not be expected as a result of
tropical subsidence.

The strong correlation of enhanced
ozone with dry subtropical air is a key
signature of an origin in the extratropi-
cal UTLS. This behavior is observed
in CONTRAST aircraft measurements
(Figure 3) and also in water vapor and
ozone soundings from Reunion Island
(Figure 13), which is located near the
maximum dry air frequency in the SH
subtropics identified in GFS data. The
Reunion Island balloon observations
show frequent dry air in the lower-
middle troposphere, in excellent agree-
ment with GFS statistics (Figure 12b).
Furthermore, the distribution of ozone
versus RH at Reunion Island (Figure 13)
shows strong evidence for a bimodal
distribution, similar to the CONTRAST

statistics (Figure 3). We view the ozone-RH behavior as a fingerprint to identify the surprisingly important
extratropical UTLS influence on tropical and subtropical tropospheric air. As a note, Zhang et al. [2003]
have documented a bimodal behavior of tropical tropospheric water vapor, similar to the statistical results
shown here.

We note that the signatures of subtropical dry air discussed here, and proposed links to the extratropical
UTLS, are consistent with the behavior of the tracer e90 discussed in Prather et al. [2011]. e90 is an idealized
model tracer with origin at the surface and a 90 day decay time, which identifies tropospheric and strato-
spheric air masses and the location of the tropopause. Prather et al. [2011] use e90 to show that the oldest
air in the tropical troposphere in their model occurs in the winter subtropics, with similar distribution
to the dry air statistics identified here. We have examined the tracer e90 as simulated in the Whole
Atmosphere Community Climate Model chemistry-climate model using meteorological fields nudged to ana-
lyses [Lamarque et al., 2012], and Figure 15 shows a cross section of e90 in the western Pacific (near the long-
itude of Guam) for January–February 2014. These patterns show tongues of relatively small e90 (i.e., relatively
aged air) extending along isentropes from the extratropical UTLS region into the subtropical troposphere in
both hemispheres (similar to the dry air statistics in Figure 8a). This behavior is consistent with the model
results in Prather et al. [2011], and the morphology of this idealized tracer supports our interpretation of a
UTLS origin for the dry, ozone-enhanced subtropical layers.

One quantitative aspect of the dry, high-ozone layers is that while the associated ozone values are clearly
above background levels for the troposphere (~20–30 ppbv), the enhanced ozone amounts (~40–70 ppbv
for CONTRAST and ~40–90 ppbv for Reunion Island) are far from “stratospheric” (hundreds of parts per billion
by volume, with a value of ~80–100 ppbv typically chosen as a definition of a stratospheric value [Bethan
et al., 1996; Prather et al., 2011]). This behavior could result frommixing or dilution during isentropic transport
from the extratropical UTLS, although the details of such mixing are poorly understood. Likewise, the spatial
extent and ozone amounts of the background UTLS reservoir region inferred in our results are not
well constrained.

Anderson et al. [2016] have provided a somewhat different interpretation of the high-ozone/low-water struc-
tures observed in CONTRAST, arguing for a strong influence of biomass burning (as a source of enhanced
ozone) tied to large-scale subsidence (as a source of dry air). While biomass burning may indeed contribute

Figure 15. Meridional cross section of the idealized tracer e90, derived
from a WACCM simulation using nudged meteorology (details discussed
in text). This cross section is for a longitude near Guam (145°E) for statistics
over January–February 2014. The background includes the time average
zonal winds, isentropes, and the thermal tropopause (white dots). Figure
courtesy of Mijeong Park and Doug Kinnison.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025841

RANDEL ET AL. DRY LAYERS IN THE TROPICAL TROPOSPHERE 15



to tropical tropospheric ozone formation [e.g., Kondo et al., 2004], there are several points of evidence to sug-
gest that subsidence is not the primary cause of the ubiquitous dry layers. These include their horizontally
layered behavior (Figure 1), most frequent occurrence for isentropes ~320–340 K (and not above), and
trajectory-based calculations [e.g., Galewsky et al., 2005; Cau et al., 2007], demonstrating the dominance of
isentropic transport from the extratropical UTLS. Furthermore, the balloon observations from Reunion
Island demonstrate that enhanced ozone is a pervasive feature of the subtropical dry layers; note that while
biomass burning from Africa may influence Reunion Island during austral spring (maximum during October–
November [Clain et al., 2009]), the dry layers (with enhanced ozone) occur primarily during winter (JJA), when
the subtropical jet is strongest and closest to Reunion Island. Overall, while biomass burning may impact
tropical ozone, its seasonal and episodic behavior does not support the ubiquitous occurrence of dry layers
correlated with enhanced ozone in the subtropics. The 3-D structure of dry layer occurrence, links to the
subtropical jets (in both hemispheres), observed seasonal variations, and close links to enhanced ozone; all
argue for a primary source region in the extratropical UTLS (as a reservoir of dry, ozone-rich air).
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