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ABSTRACT

Many studies have commented on the presence of midtroposphere dry air layers in normally moist areas of

the warm-pool region in the tropical western Pacific Ocean. In this study, 5 yr of relative humidity (RH)

observations from the Atmospheric Infrared Sounder (AIRS) instrument aboard the Aqua satellite are

analyzed to identify areas of anomalously dry air between 600 and 400 hPa over deep convective regions of the

tropical oceans. A dry air layer is defined when midlevel RH is ,20%, accounting for the lowest 10% of RH

observations. Dry air layers appear to be more frequent over the Indian and Pacific Oceans than over the

Atlantic Ocean. Large seasonal differences in the locations of dry air layers are apparent in each ocean basin.

Large variations are also noted across the Pacific, suggesting limits on the applicability of case-study trends

and observations of dry air layers to the Pacific as a whole. Back trajectories are then calculated for each

observed parcel. The origin, or location of dehydration, is identified as the point along each trajectory at which

the RH of the parcel is $100%. An analysis of the time between dehydration and dry air observation by AIRS

suggests that dry air layers in June–August tend to last 1–2 days longer than those observed in other seasons.

Although more dry air layers are observed to come from each hemisphere in its respective winter, most

sources of dry air layers are subtropical and contribute anomalously dry air year-round. Other meteorological

features are noted in the back trajectories, such as the eastward/westward wind transition from the subtropics

to the tropics and the effects of the Indian monsoon on dry air distribution paths.

1. Introduction

Johnson et al. (1999) has become a landmark paper

in tropical meteorology, providing clear evidence and

analysis of a trimodal distribution of tropical convec-

tive clouds: shallow convective clouds with cloud-top

heights near 2 km above the surface, cumulus congestus

clouds with tops near 5 km, and cumulonimbus clouds

capped by the tropopause. However, although the cap-

ping mechanisms behind shallow and deep convection

are well understood (Simpson 1992), Johnson et al. (1999)

lacked the data to account for the limiting factors of

midlevel congestus cloud-top heights.

The explanation of congestus cloud-top heights has

recently turned to anomalously warm and dry midtro-

pospheric conditions noted by Johnson et al. (1996). Dry

air from aloft in higher latitudes enters the tropics and

subsides in long filaments hundreds of kilometers

in width. Yoneyama and Parsons (1999) related these

layers to Rossby wave breaking and tracked the source

back to midlatitude baroclinic waves. Whereas the lower

and middle atmosphere (below ;8 km) recovered to

moist conditions within a week (Parsons et al. 2000), the

upper atmosphere (above 8 km) remained anomalously

dry for 10–20 days.

Redelsperger et al. (2002) analyzed the effects of a dry

layer observed during the Tropical Ocean and Global

Atmosphere Coupled Ocean–Atmosphere Response

Experiment (TOGA COARE) using a cloud-resolving

model. Following the layer’s entrance into the study area,

moisture in the lower troposphere and midtroposphere

recovered as a result of convection penetrating into the

dry air mass. The most common mode of convection was

congestus clouds of ;4–6 km in height, and the authors

suggested that the dry air layer decreased parcel buoy-

ancy, controlling the cloud top.

Jensen and Del Genio (2006) studied soundings from

the Atmospheric Radiation Measurement Program re-

search facility at Nauru Island and analyzed them with a
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parcel model. This study also showed that a drying of the

midtroposphere was more of a factor in limiting con-

gestus cloud-top height than the 08C stable layer [de-

scribed in Johnson et al. (1996)]. Zuidema et al. (2006)

focused on data from the R/V Ronald H. Brown ob-

tained during the 2002 East Pacific Investigation of

Climate (EPIC) experiment. This study showed that

even outside the western Pacific Ocean warm pool, dry

air layers were associated with high populations of cu-

mulus congestus clouds.

Midtropospheric dry layers also have implications in

global-warming theory. Pierrehumbert (1995) noted the

importance of dry ‘‘radiator fins,’’ maintained by subsi-

dence, in regulating tropical temperature and preventing

a ‘‘runaway greenhouse effect.’’ Spencer and Braswell

(1997) compared new microwave humidity sounder data

with general circulation model (GCM) analyses, discov-

ering that the GCM humidity values in the free tropo-

sphere were overestimated in these dry regions. Zhang

et al. (2003) noted the overall bimodality of tropical free

tropospheric humidity and that GCMs did not accu-

rately represent the drier mode.

The previous discussion highlights the importance

of tropical midlevel dry air, but no global climatologi-

cal description (‘‘climatology’’) of the occurrence or

sources of midlevel dry air layers exists. Other studies

(Waugh and Polvani 2000; Waugh and Funatsu 2003;

Ryoo et al. 2008) provide climatologies on tropical

upper-troposphere dry air intrusions originating in the

stratosphere, but their analyses do not extend to the 08C

melting level at which congestus tops commonly occur

(Johnson et al. 1999). Case studies have noted anoma-

lously dry midtropospheric layers in the Indian Ocean

(Zachariasse et al. 2001), but having a clearer picture of

this global distribution would not only enhance under-

standing of the limiting factors of congestus clouds but

would also have greater implications for global-warming

theory. In this paper, we analyze the location, frequency,

and source regions of dry air layers over the tropical

oceans with an eye toward answering the following

questions: What is the applicability of the previous Pa-

cific Ocean regional case studies to the rest of the basin?

Can these be applied to the Indian and Atlantic Oceans

as well, or are there clear differences among the three

basins? How does the distribution of such layers vary by

season? Where do these dry air layers originate, and

how does this distribution vary seasonally?

This paper aims to answer these questions using 5 yr

of satellite-based relative humidity measurements. Sec-

tion 2 describes the data source and method for iden-

tification of midlevel dry air layers. Section 3 analyzes

the distribution observed in each ocean basin, along

with seasonal separation. Section 4 uses a back-trajectory

model to determine where parcels within these dry air

layers were last saturated. Section 5 returns to the pre-

ceding questions and discusses future areas of research.

2. Humidity observations

To identify dry air layers, water vapor mixing ratio

measurements were taken from the Atmospheric In-

frared Sounder (AIRS) instrument onboard the Aqua

satellite. AIRS retrievals have an effective resolution of

;50 km in the horizontal direction and 2 km in the

vertical direction, with an accuracy of within ;10% for

any individual measurement (Fetzer et al. 2005). Five

years of near-continuous version-5, level-2 data between

September of 2002 and August of 2007 were used. The

potential effects of such dry air anomalies would be most

prevalent in deep convective regions over the warm

tropical oceans [where the trimodal distribution identi-

fied by Johnson et al. (1999) is prevalent]. Therefore, we

limit our analysis to oceanic areas where the long-term

(1968–96) monthly mean outgoing longwave radiation

(OLR), as measured by National Oceanic and Atmo-

spheric Administration (NOAA) polar-orbiting satel-

lites and obtained from the National Centers for

Environmental Prediction (NCEP; Liebmann and Smith

1996), was less than 240 W m22. This threshold reduces

the study area to only those areas in which deep con-

vection is most prevalent (thus lowering the long-term

mean OLR) and where the upper atmosphere would be

expected to be the most humid given the prevalence of

deep convective processes.

Figure 1 shows the frequency of occurrence at each

pressure level for each level-2 relative humidity mea-

surement with respect to liquid for temperature T .

273 K and ice otherwise. In this and all following figures,

observations at a given location and month were used

only if the monthly mean OLR in that location and

month was less than 240 W m22. The total values at each

pressure level add up to 1. This figure shows that, al-

though the air above the tropical oceans is normally very

moist, there are occurrences of anomalously dry air.

Plotted over this are the mean relative humidty (RH)

profiles from the AIRS measurements (dashed) and

from TOGA COARE (solid; Ciesielski et al. 2003).

These profiles suggest that, when taken over the full

warm tropical maritime region, mean RH values are

lower between 600 and 400 hPa than during TOGA

COARE, which was limited to the warm pool of the

western Pacific.

Using relative humidity data over the eastern Pacific

during the EPIC campaign, Zuidema et al. (2006) de-

fined midlevel dry air layers as those instances in which

the RH between 400 and 600 hPa was less than 40%.
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Although 40% is a low value for midlevel RH in Fig. 1, it

is by no means anomalous. Brown and Zhang (1997)

noted a range of 60% in midtroposphere RH during

TOGA COARE between rainy and drought periods,

with frequent observations at or below 20% RH during a

drought period when lower cloud-top heights were more

frequent. To analyze the driest RH sources while still

using enough data to be statistically significant, we chose

to analyze the lowest 10% of the data. Cumulative dis-

tribution function (CDF) analysis (not shown) suggests

that this 10% threshold is near RH values of 20% in the

Indian and Pacific Oceans and 25% in the Atlantic

Ocean. To use the same threshold globally and given the

greater area of the Indian and Pacific Oceans relative to

that of the Atlantic, we decided to define dry air layers

for this study as those areas in which RH at these alti-

tudes was less than 20%, using the same pressure bounds

(400 and 600 hPa) used by Zuidema et al. (2006). Al-

though this threshold is somewhat arbitrary, changes to

the threshold (between 15% and 25%) suggested little

change in the relative dry air layer distribution between

ocean bodies. This threshold also coincides with the

most frequent RH observations during dry periods

noted by Brown and Zhang (1997).

3. Dry air distributions

Figure 2 shows the frequency of midlevel dry air layers

over the tropical oceans, graphed into 2.58 grid resolu-

tion. The frequency is the number of dry air observa-

tions in a bin divided by the total number of AIRS

observations within that bin times 100. The thick solid

line marks the boundary of areas where the long-term

mean OLR is less than 240 W m22 for at least one cal-

endar month. Figures 3–5 will focus on individual ocean

basins. A similar color bar and contour system is used on

each figure so as to make interfigure comparisons easier.

a. Atlantic Ocean

Figure 2 shows that over the Atlantic Ocean dry mid-

level air is most frequently observed (i.e., ;25% of the

time) around 128N between 458 and 258W. Adjustment of

the upper RH threshold between 15% and 25% (not

shown) revealed a change in the maximum frequency

observation of less than 5%. Otherwise, the frequency of

dry air observations is low, around 5% over much of the

Atlantic.

Figure 3 separates the total dry air distribution over

the Atlantic by season. The maximum over the North

Atlantic in September–November (SON) corresponds

well to that previously noted in Fig. 2. The region near

128N and between 458 and 258W only satisfies our low-

OLR criteria in the months of October and November.

NCEP wind reanalysis (Kalnay et al. 1996), overlain in

Fig. 3, shows that the long-term mean wind direction

FIG. 2. Frequency of midlevel dry air layers over the tropical oceans within each 2.58 bin.

Shading marks each frequency change between 0% and 25%, with white contours marking

further changes of every 5% (if applicable). The thick black line marks the maximum extent of

where the monthly mean OLR for at least one month in the calendar year is less than 240 W m22;

only those grid areas for which this criterion is satisfied have frequency contours provided.

FIG. 1. Relative frequency of mean RH values over warm (mean

monthly OLR , 240 W m22) oceanic regions, as a function of

height. The RH values are grouped into 5% bins, and the vertical

bin is based on pressure levels given in version-5 AIRS data. The

sum of all values at each pressure level adds to 1. The vertical

dashed line marks the mean profile, and the solid line denotes the

mean TOGA COARE RH profile (Ciesielski et al. 2003).
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over this area at 500 hPa during SON is from the east-

southeast, suggesting that wind flow at this height is

climatologically from the African continent; the origins

of these particular air parcels will be examined in further

detail in section 4. High occurrence of dry air is also seen

in December–February (DJF) closer to 88N.

The frequency of dry air layers is much lower in

March–May (MAM) and June–August (JJA). Mean

500-hPa winds during these months are from the east,

similar to SON. In DJF, however, mean flow is more

variable, with winds south of 88N from the east and

winds north of 88N from the west.

The greater magnitude of dry air anomalies in SON

also coincides with the farthest northward extent of

our study area (i.e., long-term mean monthly OLR of

,240 W m22). This would lead to a closer proximity

of the study area to extratropical storm tracks in the

subtropics (and even midlatitudes). It could then be

postulated that the SON dry air anomalies are more

likely to be related to extratropical influences than are

those in the other seasons, even though this is not sug-

gested by the mean direction of flow for these months.

This theory will also be tested in section 4.

b. Indian Ocean

Figure 2 shows a maximum in dry air frequency of

;50% over the western Indian Ocean (i.e., near the

equator and around 578E). High values from 20% to

40% are also noted in the southeast (around 128S and

708–1208E). A large portion of the Indian Ocean (from

48S to 208N and 708 to 1008W) shows low occurrence of

dry air observations.

Figure 4 shows the largest dry air maxima in JJA and

SON, with smaller frequencies noted in DJF and MAM.

June–November also happens to be when the Madden–

Julian oscillation (MJO) signal is weaker (Madden and

Julian 1994). This may be related to the warming and

drying of the midtroposphere following the active phase

of the MJO, as reported by Tian et al. (2006). In com-

parison with Fig. 2, it is clear that the western Indian

Ocean peak is mostly due to layers in JJA (the active

monsoon season), whereas the southeastern peak is

strongest in SON. Though substantially lower in mag-

nitude than those in June–November, minor peaks are

noted in DJF near Sri Lanka and around 128S, 808E, as

well as in MAM over 48N, 608E and off the coast of

Madagascar. Note that these lower values are compa-

rable to what constitutes a high concentration of dry air

layers in the Atlantic (Fig. 3) because of the lower oc-

currence of dry air layers overall over the Atlantic ver-

sus the Indian Ocean.

c. Pacific Ocean

Figure 2 shows high dry air frequencies of ;30% over

the central Pacific in the intertropical convergence zone

(ITCZ) and close to 208S in the South Pacific convergence

FIG. 3. As in Fig. 2, but over the Atlantic Ocean, separated by season, and with seasonal mean 500-hPa wind vectors overlain.
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zone (SPCZ). Fewer dry air layers are observed close

to the equator, where easterlies remain prevalent at

500 hPa year-round (Fig. 5). Closer to the subtropics,

westerlies are seen more frequently depending on the

extent of the tropical–subtropical boundary. The relation

between westerlies and dry air layers will be discussed in

the next section. Overall, dry air layers appear to be

present at least 10% of the time basinwide, except in the

far eastern Pacific and over the warm-pool region of the

western Pacific.

Figure 5 shows that the highest frequency of dry air

layers is in DJF, with smaller frequencies in the other

seasons. Areas of maximum occurrence in SON are in

the central Pacific, north of the Philippines, and along

the eastern edge of the SPCZ. During the EPIC cam-

paign (Zuidema et al. 2006), the R/V Ronald Brown was

located at 108N, 958W during September; Fig. 5 shows

that dry air layers occur in this region 5% of the time

during SON. In DJF, maximum values are seen in a long

swath near 108N, 1208E–1608W, along the southern

boundary near 208S, 1508E–1408W, and in the eastern

Pacific near 108N, 1208W. The TOGA COARE field

program observing period was from 1 November 1992 to

28 February 1993, over a region roughly bounded by

1408E, 1808, 108S, and 108N (Webster and Lukas 1992);

Fig. 5 shows that the frequency of dry air layers varies

greatly in this region, from 0% to 35% occurrence.

Observations in MAM remained roughly in the same

areas as in DJF, although the magnitudes were sub-

stantially decreased.

In JJA, only two weak maxima are noted, one near

108S, 1808 and another near 108N, 1508W. The mean

500-hPa flow across 108N latitude during JJA is largely

from the east. However, over 1508W longitude, the

winds have a slight southward component (i.e., from the

subtropics) while the winds from areas to the east and

west have a slight northward component. Meanwhile,

winds south of the SPCZ maximum shift from eastward

(near 208S) to westward (near 108S). This shift within

a close proximity on a climatological scale suggests a

greater opportunity for mixing of tropical and extra-

tropical air in this location, suggesting that dry air layers

over the area during austral winter may originate in the

extratropics.

4. Locations of dehydration

Trajectories backward in time from observation to

20 days prior were calculated for each midlevel dry air

region using a trajectory program that uses 3D NCEP

FIG. 4. As in Fig. 3, but over the Indian Ocean.
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winds as described in Bowman (1993). Trajectories were

initialized at the location of each dry retrieval in AIRS,

version 5, at 500 hPa in height and 0000 UTC. We cal-

culate RH for each time step of the trajectory using the

AIRS-measured value at the end of the trajectory and

NCEP temperature interpolated to each time step

(6 h back in time). Although AIRS also provides tem-

perature measurements, the nature of back-trajectory

analysis requires temperatures at specific points and

times along the trajectory, something that AIRS is not

able to provide given its orbit; therefore, the NCEP

temperature is used. Our goal is to find the most recent

time at which each trajectory was saturated (i.e., reached

100% RH). If we assume that this is the last time con-

densation occurred, then this point is the location at

which the parcel’s humidity was set. This is a well-

validated approach to estimating tropical water vapor

(see Dessler and Minschwaner 2007 and references

therein). Although individual AIRS measurements, as

mentioned before, are accurate to within ;10%, Dessler

and Sherwood (2000), while using a similar model, noted

that errors may also arise from physical processes not

included in the model, errors in the NCEP wind and

temperature fields, and/or unresolved motions in the

wind fields. Dessler and Sherwood (2000), however, also

noted that situations arising from these did not lead to

serious systematic errors.

Figure 6 shows two sample back trajectories calcu-

lated from this method, using observations over the

Atlantic Ocean in September of 2002. Stars at the end

of the trajectory mark the location of observation by

AIRS. Thick black lines mark where the long-term mean

OLR for September is less than 240 W m22, and thin

black lines mark the country outlines for geographical

reference. This figure shows that, although the locations

for observation are similar for the two, the source re-

gions are very different. On the left, the back-trajectory

path goes to the northeast, ending over Libya. On the

right, the path goes to the southeast, with a location of

dehydration identified over the southern Atlantic.

Figure 7 shows the relative frequency of time from

saturation to observation, separated by season. The area

under each curve integrates to 1. It appears that the

mean time since saturation is 5 days, with an exponential

drop-off into longer time periods. The trajectories were

only processed out to 20 days for computational reasons,

although it appears that for about 10% of the back tra-

jectories the air parcels had not yet reached saturation

by this time. It is clear that the time from saturation to

observation is about 5–6 days from September through

May, whereas the maximum time period from June to

August is 7 days, with many more trajectories lasting for

10 days or more.

The greatest number of JJA dry air observations

comes from the Indian Ocean, where, according to Fig. 4d,

most are viewed southwest of Sumatra and southeast

of Somalia. The 500-hPa JJA winds near Sumatra are

typically light, which would allow dry air layers to re-

main dry in the absence of turbulent mixing, allowing

them to be viewed multiple times by the Aqua satellite

as they slowly drift westward. Winds typically increase

near 808W, shifting from a westward trajectory to north-

westward and then to a northward trajectory. This path

may bring these dry air layers directly into the second

identified location of dry air noted off the Somali coast,

thus sampling the same feature in additional overpasses.

FIG. 5. As in Fig. 3, but over the Pacific Ocean.
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Upon investigation of this (not shown), it was noted that
1/3 of Indian Ocean JJA back trajectories were sampled

twice. Two such trajectories from June 2003 are shown

for reference in Fig. 8. This combination of light wind

conditions and the potential for multiple sampling is only

seen in the Indian Ocean during JJA and is not seen in

the other two ocean basins. This result suggests that the

longer time between saturation and observation during

JJA than in the other seasons can be traced back to

Indian Ocean conditions during these 3 months.

To answer the question of whether these dry layers

were last saturated over land or ocean, a simple land/

ocean mask was checked at the location of dehydration

identified through trajectory analysis. Table 1 lists the

percentage of dry air observations that were last satu-

rated over the ocean. This table shows that, in every

ocean basin and every season, oceanic origins are more

common than land origins. The Indian and Pacific Oceans

have dry air layers originating from ocean regions 70.1%

and 81.4% of the time, respectively. A higher percentage

of oceanic sources for the Pacific Ocean would be ex-

pected, given the larger size of this basin. The Atlantic

Ocean, by contrast, has both the lowest percentage of

oceanic origins (69.1%) and the greatest spread between

seasons, with nearly 40% of dry air parcels being last

saturated over land during JJA.

a. Atlantic Ocean

The shading in Fig. 9 indicates the relative locations of

dehydration for parcels originating over the Atlantic

Ocean, separated into season and binned into 158 3 158

boxes. The total of all values in shading add up to unity.

Mean trajectories are computed from the center of each

158 3 158 box that contributes at least 1% of the total

observed midlevel dry air layers. These mean trajecto-

ries are plotted in red.

In boreal autumn and winter (Fig. 9, top panels), the

shading indicates that most dry air layers originate in the

northern Atlantic. In boreal spring and summer (Fig. 9,

bottom panels), the southeastern Atlantic is a more

prominent source region. The 500-hPa winds from March

to August over this region have a more northward com-

ponent than those from September to February, thus

bringing air toward the equator rather than simply to-

ward the west. In addition, layers originate from North

Africa during all seasons. Galewsky et al. (2005) and

Dessler and Minschwaner (2007) identified similar tra-

jectories in the North Atlantic and North Africa to

be parcels riding up the isentropes and cooling as they

mix reversibly into midlatitudes. This tropical air then

condenses and loses water; when it then returns to

the tropical regions, the air is drier than it was when

it left.

FIG. 6. Two sample calculated back trajectories (red lines) calculated from observations over the Atlantic Ocean in September 2002.

Stars at the end of the trajectory mark the location of observation by AIRS. Thick black lines mark where the long-term mean OLR for

September is less than 240 W m22, and thin black lines mark country outlines for geographical reference. The dashed part of the red line

marks the trajectory path for which the long-term mean OLR for June is greater than 240 W m22.

FIG. 7. Relative frequency distribution of the time between

parcel saturation and observation, binned by day and separated by

season. The sum under each curve adds to unity.
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The mean trajectories that originate in the North

Atlantic travel mostly southward in SON, move more

southeastward in DJF and MAM, and travel little in

JJA. In comparing Figs. 3 and 9, it is apparent that, with

the exception of DJF, these parcel back trajectories

from the North Atlantic do not coincide with time pe-

riods during which the climatological mean 500-hPa

winds are from the north. This suggests that many of the

studied back trajectories do not coincide with climato-

logical mean winds, lending credence to the argument

that these observations of very dry air are anomalous.

The mean trajectories that originate in the South

Atlantic travel northwestward, with pronounced curves

around 158S where the climatological winds change from

northwestward to northeastward. This shift from mid-

latitude westerlies to tropical easterlies is also evident in

the trajectories originating in East Africa. In DJF and

MAM, the East African mean trajectories appear to

converge from their varied origins into a close grouping

just north of the equator.

b. Indian Ocean

Figure 10 shows that, regardless of season, the ma-

jority of dry air layers entering the Indian Ocean come

from the southern subtropical ocean. Trajectory analysis

of the layers originating in the south Indian Ocean shows

largely northeastward transport until about 158S, when

the winds shift to northwestward. The endpoints of the

average trajectories for SON and JJA point toward the

eastern and western Indian Ocean, respectively. South-

eastward flow between Indonesia and Australia during

JJA may ‘‘block’’ flow from the extratropics west of

908E, whereas more northerly flow west of 908E allows

more extratropical air to travel into the tropics.

More variety is seen in the endpoints of the trajecto-

ries of the layers from the north. In SON layers generally

move eastward into the South China Sea (included in

this paper as part of the Indian Ocean because of geo-

graphic convenience). From December to May, North-

ern Hemisphere trajectories move southeastward into

the Bay of Bengal (mostly in DJF) and peninsular India

(mostly in MAM). Northern Indian Ocean dry air layers

originate predominantly over the Arabian Sea. A ma-

jority of this region’s dry air layers occur in boreal spring

(mostly in May; not shown), just preceding the onset of

the Indian monsoon. These high counts are followed

by much lower counts in boreal summer, most likely

resulting from the oceanic flow northward onto the

Indian subcontinent during the monsoon months. The

onset of the monsoon in June is very apparent, as seen in

the low-count trajectories originating from the Middle

East, curving southward before reaching peninsular

India, and ending in the Arabian Sea.

c. Pacific Ocean

The shading in Figure 11 shows that there is a greater

spread in the locations of dry air origin over the Pacific

than in the previous two ocean basins. This, however, is

mostly because the Pacific is a larger basin. The North

and east Pacific predominate as source regions through-

out the year. Dry air frequently originates in Australia,

especially from December to May. Lower frequencies

are seen from the southeast Pacific, southern and

Southeast Asia, and the Caribbean Sea.

The first interesting feature of the mean trajectories

is the grouping of mean trajectories from southern

and Southeast Asia in each season except JJA. Parcels

FIG. 8. As in Fig. 6, but for observations over the Indian Ocean in June 2003.

TABLE 1. Percentage of dry air observations that originate over

oceanic regions.

Atlantic Indian Pacific

SON 80.8% 69.1% 83.7%

DJF 69.8% 73.9% 77.4%

MAM 63.9% 66.6% 75.7%

JJA 61.8% 70.8% 88.6%
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along these trajectories travel along the subtropical jet

around 208N until around 1508E, where 500-hPa flow is

climatologically southward these times of the year. Upon

encountering this flow, the parcels curve southeastward

and settle into the northwest Pacific. Redelsperger et al.

(2002), as mentioned in the introduction, analyzed dry air

layers observed during TOGA COARE. By looking at

Fig. 11 and focusing on this region (88108S–108N, 1408W–

1808) during DJF, it can be seen that mean trajectories

enter this region predominantly from the north. While

more tropical convection was noted during TOGA

COARE in the southern half of the study area, no mean

trajectories enter this region from the southern half.

Thus, Fig. 11 suggests that the dry air layers analyzed

during TOGA COARE may have originated in southern

and/or Southeast Asia before entering the study area

from the north.

Trajectories from the North Pacific appear to slowly

move southward, with some of the trajectories showing

clear southwestward curves. The curve is more prominent

in trajectories from the Caribbean Sea, with the trajec-

tories ending along a westward track as the parcels settle

in the east Pacific. Zuidema et al. (2006) calculated two

back trajectories (20 and 22 September 2001) initialized

at 108N, 958W, where the R/V Ronald H. Brown was

located during the EPIC campaign. The trajectory for

20 September tracked east-northeast toward Central

America; this would seem to agree with a mean trajectory

traveling from the Caribbean, as seen in SON according

to Fig. 11. The 22 September trajectory tracked south

toward the equator; not precisely in line with our calcu-

lated mean back trajectories but close enough so that this

22 September case should not be seen as anomalous.

Trajectories originating over Australia move north

and northeastward into the SPCZ. Many endpoints of

the mean trajectories from the southeast Pacific appear

to end in the central Pacific, in an area not included in

the dry air distribution analysis (cf. to the boldface OLR

outline in Fig. 6). Parcels originating from these south-

east Pacific regions appear to disperse evenly between

toward the ITCZ and toward the SPCZ, leaving a mean

trajectory pointing to the area between.

5. Conclusions

Whereas previous studies have noted midlevel dry

air layers over specific regions in the Pacific Ocean based

on case studies, this paper looks at all warm oceanic areas

using the criterion that, for at least one month, the monthly

mean OLR over that area is less than 240 W m22. We use a

definition of dry air layers of RH ,20%. Let us now revisit

the questions raised in the introduction:

FIG. 9. Relative frequency of dry air layer source regions for the Atlantic Ocean, grouped into 158 bins and separated by season. The sum

of all contoured values adds to unity. Red lines mark the mean trajectory from each bin where the relative frequency is greater than 1%.

The thickness of each red line is proportional to the relative frequency from the associated bin.
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What is the applicability of the previous Pacific Ocean

regional case studies to the rest of the basin? Large var-

iations in the spatial and seasonal distribution of mid-

level dry air layers exist across the Pacific. This high

degree of variation suggests limits on the applicability of

case-study trends and observations of dry air layers to

the Pacific as a whole. Although field campaigns such as

TOGA COARE and EPIC have contributed greatly to

our understanding of tropical meteorology, studies may

be needed in other regions to describe more accurately

the regional nature and effects of midlevel dry air layers.

Can these be applied to the Indian and Atlantic Oceans

as well, or are there clear differences among the three

basins? When compared with the Pacific Ocean, the

Indian Ocean has a similar dry air CDF, and both ba-

sins see relatively fewer dry air layers in MAM when

FIG. 10. As in Fig. 9, but for the Indian Ocean.

FIG. 11. As in Fig. 9, but for the Pacific Ocean.
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extratropical-to-tropical winds are seen climatologically

only in localized areas such as the Indian subcontinent,

Australia, and near 108N, 1608E. However, the spatial

distribution of layers appears to be more localized in the

Indian Ocean, with maxima approaching 50% occur-

rence in SON and JJA (when winds are generally ligh-

ter) as compared with the Pacific where layers are rarely

seen more than 30% of the time and winds are stronger

year-round. The Atlantic Ocean sees fewer dry air layers

than the Indian and Pacific Oceans, not simply because

of the smaller extent of warm tropical ocean, but also in

terms of relative distribution. Table 1 shows that the

Atlantic Ocean receives more dry air parcels from con-

tinental sources; thus, one would expect to see as many

or more dry air layers overall as in the other two basins,

because continental air is usually drier than maritime air.

This discrepancy lends credence to concerns that the

AIRS instrument may give artificially high values of

relative humidity in the presence of high aerosol optical

depths, as would be seen in dusty air from over the

Sahara (S. Wong 2008, personal communication).

How does the distribution of such layers vary by sea-

son? The seasonal distribution of midlevel dry air layers

shows a wide amount of variation. In the Atlantic, most

layers occur in SON, with the least in MAM. The loca-

tions of maxima appear to be limited to the northern

Atlantic. More variation is present in the locations of

maxima in the Indian Ocean, moving from the west in

JJA (the active monsoon season) to the southeast in

SON, with fewer layers observed in DJF and MAM. The

Pacific Ocean sees many more layers in DJF, with a

sharp drop-off into MAM. The spatial distribution of

layers in the Pacific also varies, though the variation is

less than that in the Indian Ocean since the Pacific ex-

periences wind changes (in magnitude and direction) of

a smaller scale than are seen in the Indian Ocean.

Where do these dry air layers originate, and how does

this distribution vary seasonally? Back trajectories for all

three regions suggest that most midlevel dry air layers

come from the subtropics, though some variability exists.

There appears to be a seasonal pattern in dry air layers,

with more seen from the north in DJF and from the south

in JJA (i.e., each hemisphere’s respective winter). This

should be expected as the jet streams move poleward in

the winter hemisphere, allowing more mixing from the

midlatitudes into the tropics; an example of this was

noted in Fig. 11 over the TOGA COARE region. All

ocean basins see trajectories from both oceanic and

continental sources, although more dry air layers origi-

nate over the ocean. Some regions are the origins for

different oceans depending on season (or, in the case of

the Arabian Sea, provide midlevel dry air layers to all

three oceans). The Atlantic and Pacific Oceans both have

what appear to be jet streams from continental regions

(Africa for the Atlantic, Southeast Asia for the Pacific)

acting as sources of dry air.

Many questions remain with regard to midlevel dry

air layers. How does the source region (i.e., oceanic vs

continental) affect the layer’s thickness, area, and so

on? Does variation exist with respect to longer-term

climatological issues, such as the El Niño–Southern

Oscillation? Also, the initial question of relating dry air

layers and cumulus congestus clouds on a global scale

remains.
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