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ABSTRACT

Variations in the atmospheric boundary layer structure over the eastern equatorial Pacific are analyzed using
916 soundings collected during the First Global Atmospheric Research Program Global Experiment. Unstable
boundary layer structures are observed much more frequently in soundings north of the ocean front located near
2.58N in the eastern equatorial Pacific than in soundings south of the front. An objective criterion is applied to
identify the presence of the transition layer, a weak stable layer near cloud base, in the soundings. The transition
is observed in about 45% of the soundings in both the unstable and the inversion categories. A comparison of
soundings over the cold tongue with those over the ITCZ indicates that differences in static stability between
these regions are limited to the layer from the surface to about 850 mb, which is the mean height of the inversions
capping the cloud layer over the cold tongue. The cold tongue soundings on average are found to be drier from
the surface to 300 mb than the ITCZ soundings with the largest average difference (;5 g kg21) between these
two groups of soundings observed just above the inversion layer. Compensating subsidence from the ITCZ may
account for some of the drying observed just above the cold tongue inversions, although horizontal advection
may also be a factor. North–south cross sections (108S–158N) of potential temperature, mixing ratio, equivalent
potential temperature, and meridional wind across the cold tongue–ITCZ complex (CTIC) were constructed for
two longitudinal bands: 958–1058W and 1058–1158W. There is little latitudinal variation of the average height
of the trade inversion and the height of the transition layer across the CTIC. Although the average lifting
condensation level (LCL) at 980 mb is located near the average top of the transition layers observed over the
cold tongue, the average 980-mb LCL is close to the average height of the base of the transition layers observed
over the ITCZ. These differences, while subtle, may have a substantial impact on the coupling between the
subcloud and the cloud layer in these two regions. Strong boundary layer meridional winds are observed near
the surface at about 7.58N over the higher SSTs north of the cold tongue. The average meridional winds over
the cold tongue show little vertical shear over the lowest 100 mb of the boundary layer.

1. Introduction

Air–sea interaction over the eastern equatorial Pacific
cold tongue and intertropical convergence zone (ITCZ)
complex (CTIC) must be well understood to predict the
El Niño–Southern Oscillation over the Pacific Ocean
and its effects on weather and climate of remote regions
with quantitative accuracy. The variability of the CTIC
structure depends on the strength of the coupling be-
tween the ocean and atmosphere. Factors that control
the strength of this coupling are believed to include the
distribution of the sea surface temperature (SST) along
the equator and the magnitude of the wind stress forcing
(Neelin 1990; Meehl 1990), both of which are intimately
connected to the structure of the marine atmospheric
boundary layer (MABL). Coupled models tend to pro-
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duce unrealistic symmetric ITCZs and unrealistic at-
mospheric boundary layer structures over the cold
tongue (Mechoso et al. 1995); consequently it is nec-
essary to improve our understanding of the eastern Pa-
cific ocean–atmosphere coupling.

In the eastern equatorial Pacific, prominent features
of the mean SST distribution are the equatorial cold
tongue, which extends along the equator from the coast
of South America westward to about 1608W, and the
equatorial front, which is located slightly north of the
equator (Wallace et al. 1989). The prevailing south-
easterly winds accelerate as they cross the equatorial
front, and the ITCZ is located where these southeasterly
winds weaken. Climatologically, the location of the
ITCZ over the eastern equatorial Pacific shifts between
about 58N in January and 158N in July. At the surface,
wind speeds increase as the air passes over the ocean
front from the cold tongue to the warmer water north
of the equator (Hayes et al. 1989). However, unless
constrained by observations, models tend to underes-
timate the directional shear and the equatorial asym-
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FIG. 1. A typical sounding illustrating the trade inversion and
boundary layer structure. The sounding was made at 1800 UTC 1
Jun 1979, at 108.88W and 5.98S during FGGE. The transition layer
is clearly indicated by a decrease in moisture and an increase in
potential temperature at about 950 mb.

metry in the surface winds in this region (Latif et al.
1990). Previous studies suggested that at least two pro-
cesses might play roles in the dynamics of the surface
wind fields near the equator. Lindzen and Nigam (1987)
suggested that the seasonal and interannual variability
of surface wind is due, in part, to hydrostatic sea level
pressure changes induced by changes in the strength of
the cold tongue. The other important factor is related
to atmospheric boundary layer processes. Wallace et al.
(1989) argued that as air passes from the cold tongue
to the warmer waters north of the equator, the boundary
layer becomes more unstable, the wind shear in the
boundary layer is reduced, and hence surface wind
speeds increase. The steady flows across the SST gra-
dients associated with the CTIC results in variations in
cloud and boundary layer structure that are neither eas-
ily modeled nor parameterized.

To test Wallace’s hypothesis, Bond (1992) analyzed
the planetary boundary layer structure over the eastern
equatorial Pacific using 68 soundings collected along a
1108W north–south transect made with the research ship
Discoverer in 1989. He found significant boundary layer
variability due to cloud cover, synoptic-scale variability,
and diurnal effects. There were, however, systematic
variations in the mean structure of the mixed layer as
a function of latitude. These observations indicated that
the mixed layer was neutrally stratified over warm water
between 6.58 and 1.58N and was slightly stably stratified
over the cooler water between 18N and 28S. The Bond
(1992) observations are consistent with the hypothesis
proposed by Wallace et al. (1989) and Hayes et al.
(1989) that the low-level wind shear was enhanced on
the cold side of the SST front because of greater static
stability in this area than over the equatorial front.

Using data collected in the First Global Atmospheric
Research Program (GARP) Global Experiment (FGGE)
in 1979, Kloesel and Albrecht (1989; KA89 hereinafter)
studied the structure of the boundary layer over a broad
region of the equatorial Pacific. They found that low-
level inversions of sufficient strength to inhibit deep
convection were present in more than 50% of the sound-
ings. These inversions appear to play a critical role in
regulating convective activity over the central and east-
ern Pacific. The tops of the inversions have an average
pressure level of approximately 800 mb and show little
latitudinal variation. Observational studies (Augstein et
al. 1974; Fitzjarrald and Garstang 1981; Nicholls 1984;
Paluch and Lenschow 1991; Albrecht et al. 1995a) in-
dicate that under many circumstances MABLs are char-
acterized by a decoupled boundary layer. Under these
conditions a weak inversion, the transition layer, sep-
arates the cloud layer from the subcloud layer as shown
in Fig. 1. This results in a relatively sharp decrease in
mixing ratio across the transition layer. The transition
layer regulates the nature and magnitude of transports
from the subcloud to the cloud layer (Betts 1976; Nich-
olls and LeMone 1980; Fitzjarrald and Garstang 1981).
However, there have been relatively few studies of the

transition layer processes in equatorial regions since the
GARP Atlantic Tropical Experiment (1974). In this
study, we develop an objective criterion to identify a
transition layer in individual soundings and then use a
layer-to-layer averaging approach to develop composite
soundings that maintain the details of both the transition
layer and the higher-level trade inversion if it is present
in the sounding. In this paper we define the marine
atmospheric boundary layer as the layer that extends
from the surface to the top of the trade inversion. The
layer below the transition layer will be called the sub-
cloud layer. Although this is layer often called the mixed
layer, this terminology can be misleading since the water
vapor mixing ratio is rarely completely mixed in this
layer.

Despite the importance of the MABL over the eastern
equatorial Pacific, observational studies are relatively
limited because of its remoteness. Some early studies
of cloud and layer structure across the CTIC were made
using aircraft (Albert 1946) and soundings obtained
from ships transecting the equator in the eastern Pacific
(Neiburger et al. 1961). More recent studies of the
MABL over the eastern equatorial Pacific focused main-
ly on the mean structure and the mixed layer variability
(KA89; Bond 1992). It is necessary, however, to expand
upon these studies to describe the detailed evolution of
boundary layer across the CTIC. In this paper, soundings
collected during FGGE are used to analyze the spatial
variability in atmospheric boundary structures over the
eastern equatorial Pacific. These FGGE observations are
of particular interest since they are made over a rela-
tively broad region of the eastern and central equatorial
Pacific. Although detailed studies of boundary layer
structure have been made with portions of the FGGE
datasets (KA89; Firestone and Albrecht 1986; Betts and
Albrecht 1987), the evolution of the boundary layer over
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FIG. 2. Scatterplot of locations of soundings launched during both
SOP-I and SOP-II of FGGE.

FIG. 3. Mean SST for (a) Jan and Feb, and (b) May and Jun in 1979. Solid boxes indicate the FGGE study regions. The value of the
thick contour is 278C and the contour interval is 18C.

the CTIC has not been well documented. In this paper
we focus on the structure and frequency of trade in-
versions and transition layer structures in the eastern
equatorial Pacific and the variation of boundary layer
structure across the CTIC.

In section 2 the datasets and the methods used to
analyze the data are described. Documentation of the
boundary layer structures observed over the eastern Pa-
cific is presented in section 3. A comparison of the
atmospheric boundary layer between the cold tongue
and the ITCZ is presented in section 4. The variations
in boundary layer structure over the eastern equatorial
Pacific are documented in section 5. In section 6 con-
clusions and a general discussion of the processes re-
sponsible for the variations in boundary layer structure
over the region are presented.

2. Description of data

Three principal sources of data were used for this
study: FGGE soundings, mean SST, and outgoing long-
wave radiation (OLR) fields. Figure 2 shows where the
FGGE soundings were launched. A detailed description
of sounding data collected during FGGE can be found
in KA89. A total of about 1500 soundings were col-
lected in the area from 1608 to 908W, 108S to 158N
during FGGE. A subset of these (;900) are used to
analyze the boundary layer structure over the central
and eastern equatorial Pacific. Some of the FGGE
soundings collected west of this area were also used for
comparison purposes.

The individual soundings were analyzed following

the procedure described in KA89. The data used in this
study are the temperature, humidity, and horizontal
winds at 10-mb pressure levels from 300 to 980 mb.
Many of the FGGE soundings did not have data for
pressures greater than 980 mb.

The SST datasets were derived from in situ marine
surface observations as reported on the Global Tele-
communication System (Reynolds and Gemmill 1984).
The resolution of the SST data is 28 in both latitude and
longitude. Mean SST fields for January and February
and May and June in 1979 are shown in Figs. 3a and
3b, respectively. The SST distributions show the west-
ern Pacific warm pool extending farther eastward and
SSTs north of the equator in the eastern Pacific ap-
pearing much warmer during May and June than during
January and February in 1979. In the eastern Pacific,
the equatorial cold tongue was centered slightly south
of the equator and the warmest SSTs were centered at
about 108N, 1008W. During May and June, SSTs were
higher in the whole domain and the warm center at about
108N, 1008W was stretched out in the east–west direc-
tion. The eastern Pacific cold tongue became narrow,
and the ocean front north of the cold tongue was much
more clearly defined during May and June than during
January and February.

The presence of deep convection in the study area
was identified using OLRs from satellite observations.
The OLR dataset used in this study is based on obser-
vations from the National Oceanic and Atmospheric Ad-
ministration’s polar-orbiting satellites (Gruber and
Krueger 1984). This dataset was produced from daytime
and nighttime archived OLR estimations interpolated
onto a 2.58 3 2.58 grid globally. Figures 4a and 4b show
the mean OLR fields for January and February, and May
and June in 1979. The location of deep convection as-
sociated with the ITCZ is marked by low values of OLR.
High values of OLR south of the equator are associated
with the divergent southeasterly flow south in this re-
gion. The most likely type of clouds in this area would
be fair-weather cumulus (Norris 1998). The OLR dis-
tributions indicate that from 1608E to 1208W the ITCZ,
as defined by high clouds, was located between 108N
and the equator during January and February and shifted
to about 108N during May and June. In the eastern equa-
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FIG. 4. Mean OLR for (a) Jan and Feb, and (b) May and Jun in 1979. Solid boxes indicate the FGGE study regions. The value of the
thick contour is 240 W m22 and the contour interval is 10 W m22.

torial Pacific, the low OLRs centered at 108N, 1008W
during January and February shifted westward approx-
imately 58 during May and June, and the values at the
low OLR center increased. The threshold used to iden-
tify areas of deep convection is typically suggested to
be in the range of 240–260 W m22 (Lau and Chan 1983;
Waliser et al. 1993). However, any threshold will be
subject to regional biases (Waliser et al. 1993).

Data from the soundings were subjected to an objec-
tive quality control procedure to eliminate questionable
data. As part of this procedure, averages of the tem-
perature and the mixing ratio were calculated at each
pressure level from 980 to 300 mb for soundings in the
three regions (eastern equatorial Pacific, EEP; central
eastern Pacific, CEP; and central western Pacific, CWP)
shown in Fig. 3. Individual values of the temperature
or the mixing ratio that differed by more than three
standard deviations from the means were eliminated.
The remaining soundings were then subjected to this
procedure for a second time. In addition, soundings with
unreliable relative humidity (RH) or wind profiles, for
instance, 100% RH at every pressure level, were also
eliminated. A total of 916 FGGE soundings remained
in the EEP and CEP datasets after this data quality con-
trol procedure was applied. Although the expected ac-
curacy of 18C for temperature and 5% for relative hu-
midity (KA89) may be appropriate under clear-sky con-
ditions, the sensors are known to give systematic errors
when a sonde enters the cloud and for some time after
it falls out of the cloud. The data screening technique
that we have applied is meant to identify the bulk of
the soundings that may be affected by such errors.

3. MABL structures over the eastern equatorial
Pacific

a. Composite soundings and statistics on sounding
structures

To describe the variability of MABL structure over
the study area, soundings were classified on the basis
of low-level stability. The classification criteria used in
this study are similar to those used in KA89. Since a
nonentraining parcel rising pesudoadiabatically from the

surface will conserve equivalent potential temperature
ue, the ue near the surface was compared with the sat-
uration equivalent potential temperature ues at higher
levels to estimate the buoyancy of the parcel. This ap-
proach provides an easy visualization of parcel buoy-
ancy as defined by the temperature difference between
the rising parcel and the environment (e.g., Bohren and
Albrecht 1998). The effects of water vapor and liquid
water on the buoyancy were neglected for this simple
classification, although these effects cannot be neglected
when quantifying convective available potential energy
(e.g., Xu and Emanuel 1989; Emanuel 1994; Williams
and Renno 1993).

Since a number of the FGGE soundings (;23%) did
not have data at pressures greater than 980 mb, the
stability classification was made using air parcels orig-
inating from 980 mb instead of from a lower level. If
ue at 980 mb was greater than ues above the lifting con-
densation level (LCL) but intersected the ues profile at
a pressure level below 600 mb, the sounding was clas-
sified as an inversion sounding. The intersection of the
ue path ascending from 980 mb and the ues profile sug-
gests that a stable layer (the inversion layer) exists above
the unstable layer. The LCL used here is the LCL of
air at 980 mb. The remaining soundings were then di-
vided into three groups. If a parcel rising from 980 mb
was positively buoyant (ue at 980 mb . ues) above the
LCL to at least the 600-mb level, the sounding was
classified as unstable. The positive buoyancy indicates
that a nonentraining rising parcel will accelerate, which
is favorable for the development of deep convection.
Soundings with levels of free convection (LFCs) less
than 100 mb from the LCLs were also classified as
unstable soundings. The LFC here is determined as the
level where ues is equal to the value of ue at 980 mb. If
the low-level parcel was negatively buoyant (ue at 980
mb # ues) to the 600-mb level, the sounding was clas-
sified as deep stable. If the parcel was negatively buoy-
ant to a level below 600 mb, the sounding was classified
as stable. In this study, deep stable soundings and stable
soundings are combined into one group, the stable
group, since there are relatively few soundings in these
two categories. The average SST for the stable group
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FIG. 5. Mean potential temperatures and mixing ratio for stable, inversion, and unstable categories
over EEP during both SOP-I and SOP-II. Dotted line: stable, 23 soundings; thin solid line: inversion,
270 soundings; broken line: unstable, 160 soundings. The freezing level is located at ;570 mb.

in the EEP area is about 0.58C less than the average
SST for the unstable group.

During the two FGGE observation periods SOP-I and
SOP-II, a total of 676 dropwinsondes were launched
over the eastern equatorial Pacific (EEP in Fig. 3 for
SOP-I and SOP-II), and 453 soundings remained after
the data quality control procedure was applied. Of these
remaining soundings 60% had inversion layers; 5% had
stable boundary layer structures and the remaining 35%
were classified as unstable boundary layers. These sta-
tistics may be biased in favor of the stable soundings
(both the inversion and stable groups) since the aircraft
that deployed the dropwinsondes avoided the areas of
deepest convection. In addition, in the present study
soundings with LFCs less than 100 mb from LCLs were
classified as unstable soundings. If the soundings are
classified by specifying that the LFC be no more than
50 mb above the LCL, the percentage of inversion (un-
stable) soundings increases (decreases) by about 3%.
The classification of soundings is also sensitive to the
level used to define the initial parcel characteristics. To
estimate this sensitivity, the soundings were also clas-
sified by extrapolating temperatures and mixing ratios
from 980 to 1010 mb and then using 1010 mb as the
parcel starting level. The temperature extrapolation was
made by assuming the potential temperature from 980
to 1010 mb is well mixed. The average mixing ratio
variation with height obtained from soundings that made
it to pressures greater than 980 mb was used to extrap-
olate the mixing ratios to 1010 mb for each sounding.

The classifications obtained using ue at 1010 mb rather
than 980 mb reduces the percentage of inversion sound-
ings from about 60% to about 55% with a corresponding
increase in the number of unstable soundings.

Figure 5 shows the profiles of average virtual poten-
tial temperature (uy ), mixing ratio (r), ue, and ues for
unstable, inversion, and stable soundings over the east-
ern equatorial Pacific during both SOP-I and SOP-II.
Profiles of uy show that the subcloud layer for unstable
soundings is warmer than those for the inversion and
stable soundings, while above 800 mb the three curves
are almost identical. Since the average SSTs for the
inversion and stable soundings are about 0.58C less than
that for the unstable soundings, it is apparent that many
of the inversion and stable soundings occur over the
lower SSTs to the south of the ITCZ. Profiles of mixing
ratio indicate that the unstable composite sounding is
more moist than the inversion and the stable soundings;
this is consistent with moistening of the upper levels
due to the deeper moist convection associated with the
unstable boundary layers. In addition, a humidity re-
versal (KA89) is clearly indicated just above 800 mb
in the average mixing ratio of stable soundings. The
average profile of ues for the inversion soundings show
a well-defined inversion layer despite the smoothing
caused by the averaging procedure. These inversion lay-
ers are strong enough to inhibit deep convection, even
though the temperature differences between the unstable
and inversion composite soundings are small. Although
the averaged unstable sounding does not show a similar



1 MAY 2000 1579Y I N A N D A L B R E C H T

FIG. 6. Standard deviations of the variables in Fig. 5.

TABLE 1. Statistics of inversion soundings over the EEP during SOP-I and SOP-II. Here Du, Duy , Due, and Dr are differences in u, uy ,
ues, and r between the top and the base of the inversion layer. Std devs are indicated by 6 values.

SOP-I SOP-II Total

Inversion soundings
Inversion base (mb)
Inversion top (mb)
Thickness (mb)
Du (K)
Duy (K)
Due (K)
Dr (g kg21)

114
838 6 57
761 6 70

77 6 44
6.93 6 3.15
6.18 6 2.88

25.17 6 6.46
24.28 6 2.67

156
858 6 52
777 6 56

81 6 41
8.36 6 3.25
7.28 6 2.95

29.18 6 7.34
26.16 6 3.02

270
849 6 55
770 6 63

79 6 41
7.77 6 3.28
6.82 6 2.97

27.48 6 7.25
25.37 6 3.02

stable layer, there is a layer where ]ues/]z ø 0 between
800 and 700 mb. This layer is present since some of
the soundings in the unstable group include inversions
that are not strong enough to merit the inversion clas-
sification. These soundings may represent a transition
between the stable and unstable boundary layers. It is
also found that in most of cases in the unstable category
there are inversion layers around the freezing level
(;570 mb). Johnson et al. (1996) suggest that these
inversion layers result from melting effects in precipi-
tating systems. There is no stable layer at the freezing
level in the inversion composite sounding shown in Fig.
5, which is consistent with the suppression of deep con-
vection and a lack of freezing level processes for this
case.

To quantify the variability associated with each var-
iable for the three convective classifications, the stan-
dard deviation was calculated (Fig. 6). The temperature
variability is smallest in the lowest 200 mb. There is a
pronounced peak in the mixing ratio variability near the

base of the trade inversion that is defined in the stable
and the unstable soundings. The standard deviation of
the mixing ratio associated with the unstable sounding
is a maximum near 800 mb, which is near the base of
a slightly stable layer that is observed in the mean un-
stable sounding (Fig. 5).

Table 1 shows the mean top and base of the inversion
layers for soundings over the eastern equatorial Pacific
during SOP-I and SOP-II. The inversion top is defined
by the location of the maximum in the ues profile. The
inversion base is defined at the level where the sign of
the vertical gradient of ues changes from positive to neg-
ative below the inversion top. For soundings containing
multiple inversions, the inversion with the largest dif-
ference in u between inversion top and base was iden-
tified as the principal inversion layer. The average tops
of inversion layers over the eastern equatorial Pacific
were at approximately 770 mb and the average inversion
base was located at about 850 mb. Most of the inversion
soundings had inversion bases ranging from 950 to 800
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FIG. 7. Vertical profile of m of the sounding that has the transition
layer near 930 mb shown in Fig. 1.

mb and inversion tops ranging from 850 to 700 mb.
Table 1 indicates that the inversion layer was slightly
higher during SOP-I (average SST 25.98C) than during
SOP-II (average SST 26.88C) and that the decrease in
mixing ratio across the inversion was greater during
SOP-II than during SOP-I. The interpretation of these
results is complicated, however, because of the wide
range of geographical locations of the soundings.

The unstable soundings from 7.58S to the equator
were fewer than 20% of the total soundings in this re-
gion, while from 2.58 to 12.58N more than 40% of the
soundings were classified as unstable. The longitudinal
differences in the percentage of the three categories of
soundings are not significant. As expected, the statistics
indicate that as the SSTs increase from south to north,
the atmospheric boundary layers become more unstable,
as indicated by fewer inversions. Although the unstable
soundings during SOP-II are generally observed over
SSTs greater than 278C, stable and inversion soundings
are observed over the full range of SSTs that were ob-
served in the study area.

b. Transition layer structure and statistics

Although the composite soundings over the eastern
Pacific indicate the importance of inversions near 800
mb in regulating the potential for deep convection, the
transition layer may be critical for the moisture and heat
exchange between the cloud and the subcloud layer. An
example of the profiles of mixing ratio and potential
temperature for a typical sounding in which the tran-
sition layer is present is shown in Fig. 1. The transition
layer is indicated by the rapid decrease in mixing ratio
and the increase in potential temperature near 950 mb.
Previous observational studies (Augstein et al. 1974;
Betts 1976; Nicholls and LeMone 1980; Fitzjarrald and
Garstang 1981; Nicholls 1984; Paluch and Lenschow
1991; Albrecht et al. 1995a) show that the transition
layer is key in controlling the convective mass transport
between the subcloud and the cloud layer.

To generate statistics on the occurrence of the tran-
sition layer during FGGE, both the unstable and the
inversion soundings were separated into those with and
those without a transition layer. Across the transition
layer, the potential temperature u increases and the mix-
ing ratio r decreases rapidly with height. These changes,
however, are generally much smaller than the changes
across the 800-mb trade inversion that caps the cloud
layer, and thus they are more difficult to identify. The
decrease in mixing ratio at the transition layer contrib-
utes to a reduction in the uy increase across the transition
layer. To help identify these relatively subtle layers in
a sounding, a parameter m 5 2(]u/]p 2 b]r/]p) was
defined to establish an objective method for screening
the soundings. The b in the expression for m is chosen
to convert ]r/]p to the same units as ]u/]p by consid-
ering the effects of these two terms on the vertical gra-
dient of uy . Since uy 5 u(1 1 0.608r), b 5 0.608u/

(1 1 0.608r) will give b]r/]p the proper units. In gen-
eral the mixing ratio term in the expression for m will
contribute less to m than the potential temperature term.
Although other weightings of the u and r gradients could
be devised, we use a weighting that depends on the
contributions of the individual u and r gradients to den-
sity gradients.

To illustrate m and how it relates to the thermody-
namic structure, the vertical profile of m of the typical
transition layer sounding shown in Fig. 1 is shown in
Fig. 7. The transition layer is clearly indicated by a local
maximum of m at about 930 mb. Before calculating the
vertical gradient of u and r needed to calculate m, a
1–2–1 smoother was applied to u and r at each sounding
level to give smooth local gradients that can be used to
test objectively for the presence of transition layers.

The ratio l [ m/m was used to determine objectively
whether a transition layer was present, where m is the
average for m from 980 to 900 mb of an individual
sounding. This pressure interval is chosen since usually
the much stronger trade wind inversion is located at
pressures less than 900 mb. If at some pressure level
between 980 and 900 mb l is equal to or greater than
1.3, the sounding is classified as a transition layer sound-



1 MAY 2000 1581Y I N A N D A L B R E C H T

FIG. 8. Profiles of averaged uy, r, ue, and ues for soundings with different l. The three composite
soundings were made from all FGGE soundings that have inversion layers using the layer-by-layer
average procedure; l . 1.3: solid line, 317 soundings; 1 , l # 1.3: broken line, 65 soundings;
l # 1.0: dot–dashed line, 256 soundings.

ing, provided it is below the base of the trade inversion.
Since low trade inversions can affect the value of m it
is possible to have l less than 1. The thickness of the
transition layer is that of the layer in which l is equal
to or greater than 1.3. This specific value of l was
chosen to provide an objective selection of transition
layer soundings that was consistent with a subjective,
manual identification of these layers. To illustrate how
this value was selected, averaged profiles of uy , r, ue,
ues for inversion soundings with three different ranges
of l are illustrated in Fig. 8. Here the decoupling below
900 mb is much more clearly defined in soundings with
l greater than 1.3. Thus l $ 1.3 is chosen as the thresh-
old value of l to identify soundings with transition lay-
ers.

The profiles shown in Fig. 8 are obtained by a layer-
by-layer averaging procedure to prevent the transition
layer structure from being smeared out by using the
conventional average at each pressure level. The pro-
cedure is similar to that applied by Augstein et al. (1974)
and considers the averages in temperature, mixing ratio,
and other variables within five layers: subcloud layer,
transition layer, cloud layer, inversion layer, and the lay-
er above the inversion layer. A nondimensional scale is
used within each of these layers. Layer averages using
the nondimensional heights are then made and the re-
sulting layer structures are converted to a dimensional
height scale using the average height of each layer
boundary. This procedure preserves the structure of the

transition layer even if its height varies from sounding
to sounding.

The frequency of occurrence of transition layers and
the mean top and base of transition layers over the east-
ern equatorial Pacific during SOP-I and SOP-II are
shown in Table 2. Of the total 453 soundings over the
eastern equatorial Pacific, there are 203 (44.8%) sound-
ings in which transition layers were present. The tran-
sition layers have an average base pressure level at ap-
proximately 943 mb with the standard deviation of 19
mb and an average top at 914 mb with a standard de-
viation of 24 mb. The LCLs for the 980-mb air of the
transition soundings have an average pressure of 930
mb and were located within the transition layer in most
of the soundings. The percentage of soundings with a
transition layer is about the same for both the inversion
and unstable group.

The transition layer is often most easily identified by
a sharp decrease (negative jump) in mixing ratio near
the cloud base. Although the negative jump in mixing
ratio decreases the virtual potential temperature jump
Duy , Duy remains positive and is about 18C. The dif-
ferences in ue between the top and the base of the tran-
sition layer were negative and had an average of ap-
proximately 24 K; Duy and Due show little variation
during the SOP-I and SOP-II. East–west variations in
the transition layer characteristics were obtained by cal-
culating averages of Duy for each of the three regions
shown in Fig. 3 for both SOP-I and SOP-II. These re-
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TABLE 2. Statistics for transition layer soundings over EEP during FGGE. Here Du, Duy , Due, and Dr are differences in u, uy , ues, and r
between the top and the base of the transition layer. The LCL pressure is for an air parcel at 980 mb. Std devs are indicated by 6 values.

SOP-I SOP-II Total

Occurrence of transition
Transition soundings
Transition base (mb)
Transition top (mb)
LCL (mb)
Thickness (mb)
Du (K)
Duy (K)
Due (K)
Dr (g kg21)

48.3%
97

942 6 20
914 6 24
933 6 12

28 6 8
1.23 6 0.63
0.91 6 0.62

23.97 6 4.08
21.84 6 1.42

42.1%
106

944 6 19
913 6 24
928 6 16

31 6 11
1.20 6 0.77
0.87 6 0.71

24.21 6 3.68
21.91 6 1.34

44.8%
203

943 6 19
914 6 24
930 6 14

29 6 10
1.21 6 0.71
0.89 6 0.67

24.10 6 3.87
21.88 6 1.38

FIG. 9. Mean potential temperatures and mixing ratio for soundings with (solid line) and without
(broken line) the transition layer in the inversion category over EEP during SOP-II. There were
69 soundings with transition layers and 79 soundings without the transition layers.

sults give Duy for the transition layer that varies from
0.89 to 0.93 K, which indicates the constancy of the
transition layer structure over the eastern and central
equatorial Pacific.

The differences between the thermodynamic struc-
tures of inversion soundings with and without the tran-
sition layers can be seen by comparing the composite
sounding obtained with l , 1.0 and l . 1.3 in Fig. 8.
The soundings without transition layers have a capping
inversion with a base at 900 mb compared with about
840 mb for the transition layer soundings. The boundary
layer structure near the surface, however, is nearly iden-
tical for the two cases.

A more detailed comparison was made for the tran-
sition and nontransition soundings using only SOP-II
soundings to eliminate any seasonal variations. The two

composite soundings (Fig. 9) were obtained by the layer-
by-layer averaging procedure for inversion soundings
with l $ 1.3 and those with l less than 1.3. Profiles
of uy indicate that soundings without the transition lay-
ers were slightly better mixed below the inversion layer
(980–880 mb) than the transition soundings. In the
cloud layer (940–880 mb), the nontransition soundings
are moister than the transition sounding. This difference
implies that the transition layer could play a role in
regulating the transport of moisture from the subcloud
layer to the cloud layer. For this SOP-II comparison,
the profiles of ues indicate that the average trade inver-
sion base for the transition soundings is only slightly
higher than that of the nontransition soundings (840–
860 mb). The more stringent condition of l , 1.0 ap-
plied to all soundings to give the composite shown in
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FIG. 10. Differences in uy and r between the average soundings with
and without the transition layer in the inversion category over EEP
during SOP-II. There were 69 transition soundings and 79 nontransition
soundings in the inversion category. Here Duy 5 uy(transition) 2
uy(nontransition); Dr 5 r(transition) 2 r(nontransition). Vertical co-
ordinate is the nondimensional height scale where 1 is the base of the
trade inversion.

Fig. 8 clearly selects a group of soundings with much
lower inversions than the other values of l.

The uy and the r difference between the averaged
soundings with the transition layer and those without
the transition layer in the inversion sounding group are
presented in Fig. 10. The nondimensional height scale
was used so that transition structures would be main-
tained. Transition soundings are clearly drier and warm-
er in the cloud layer than the nontransition soundings.
The differences between the two categories indicate the
importance of the transition layer in regulating cloud
properties. The virtual potential temperature difference
just above cloud base is about 0.5 K and would further
inhibit the penetration of turbulent eddies in the sub-
cloud layer to the cloud layer above. This 0.5 K dif-
ference acting through a 50-mb layer at cloud base
would add about 8 J kg21 to the convective inhibition
energy (Williams and Reno 1993) experienced by a par-
cel originating in the subcloud layer. A nonentraining
parcel with an upward motion of 4 m s21 would be
required to penetrate such a layer or 2.8 m s21 for a 25-
mb layer. Thus this layer can have a substantial impact
on the initiation of cumulus elements by turbulent eddies
in the subcloud layer.

The increased temperature and the decreased moisture
in the cloud layer indicate a decrease in the cloud layer
relative humidity. The average relative humidity in
cloud layers for the inversion transition soundings is
79% compared with 85% for the inversion soundings
with no transition layer. Although this difference is
small, it may affect the mean fractional area covered by
boundary layer clouds. If the RH-based fractional cloud-
iness suggested by Albrecht et al. (1995b) is applied to
these relative humidity values, the predicted cloud

amount is 22% for the transition layer soundings com-
pared with the 34% for the soundings without transitions
layers. In the subcloud layer, the differences in r and u
between the two averaged soundings are small. The pro-
cesses responsible for forming the transition layer have
their largest effects above the subcloud layer.

The average bases of the trade wind inversion for
soundings with and without the transition layer over the
eastern equatorial Pacific during SOP-II were 844 and
868 mb, respectively. The 24-mb difference between
them is statistically significant at the 99% level (one-
tailed z test, a 5 0.01, with 79 and 69 soundings in the
two categories, respectively). Thus transition layers
were observed more frequently in slightly deeper
boundary layers. This is also evident from the results
shown in Fig. 8 for composite soundings obtained using
different values of l. One possibility for explaining the
formation of the transition layer is that if the boundary
layer is deepening but the turbulent kinetic energy pro-
duction does not change, at some point the turbulent
kinetic energy may be unable to sustain internal cir-
culations through the whole depth of the deeper bound-
ary layer, and decoupling will occur. Bretherton and
Wyant (1997) suggest that decoupling of the boundary
layer associated with stratocumulus clouds can be in-
ferred when the negative buoyancy fluxes below cloud
base increase to the point where internal circulations
cannot sustain mixing through the depth of the boundary
layer.

The SST distribution relative to the locations of
soundings with and without the transition layers give
no evidence that soundings with transition layers are
more prevalent over warmer SSTs. Furthermore, the av-
erage SST for soundings that have no transition layers
in the inversion category is 0.58C greater than of sound-
ings that have transition layers. The average wind speed
and mixing ratio at 980 mb for these two groups are
nearly the same. This suggests that the surface sensible
and latent heat fluxes associated with the nontransition
layer soundings are greater than those for the transition
soundings.

4. Comparisons of MABL structures over the cold
tongue and the ITCZ

During FGGE the equatorial cold tongue over the
eastern Pacific extended from 908W to about 1508W
between 2.58S and 2.58N, and the ITCZ was between
58N to about 108N. To study the east–west variations
over the cold tongue and the ITCZ, these two areas were
divided by 2.58 long intervals into 24 rectangular boxes.
Soundings in these boxes were then averaged to give
E–W cross sections of mixing ratio and potential tem-
perature.

East–west sections of mixing ratio over the cold tongue
and the ITCZ are shown in Fig. 11. There is little E–W
variation in the water vapor content, although areas over
the cold tongue clearly have lower water content than
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FIG. 11. East–west cross sections of mixing ratio (a) over the cold
tongue and (b) over the ITCZ for soundings collected during both
SOP-I and SOP-II in FGGE.

FIG. 12. East–west cross sections of mixing ratio over the cold
tongue (a) during SOP-I and (b) during SOP-II.

over the ITCZ. Atmospheric boundary layers in regions
west of 1408W over the cold tongue (Fig. 11a) appear
slightly more moist since the underlying SSTs are higher
in this area compared with areas to the east. The 16 g
kg21 contour over the cold tongue (Fig. 11a, about 960
mb) is slightly lower than that over the ITCZ (Fig. 11b,
about 940 mb), verifying that the surface layer is more
moist over the ITCZ than over the cold tongue. The
drying over the cold tongue may be attributed to sub-
sidence associated with the southeasterly trades extending
over the cold tongue or from compensating subsidence
associated with the deep convection over the ITCZ. From
about 1158 to 1258W, there is a region of relatively dry
air near 800 mb over the cold tongue. Over the ITCZ at
this same longitude, the layer from 800 to 500 mb is
relatively moist. It is not clear, however, if these cold
tongue and ITCZ moisture features are connected. The
relatively dry air at 800 mb over the cold tongue may
be associated with the area of high OLR (.280 W m22)
south of the equator (Fig. 4). This area is more extensive
during SOP-II than SOP-I. The comparison of cross sec-
tions of mixing ratio over the cold tongue between SOP-I
and SOP-II shown in Figs. 12a and 12b confirms that air
from 1000 to 600 mb was substantially drier during SOP-
II than SOP-I. The drier air at 1158–1258W that was
present in the average SOP-I and SOP-II east–west cross
section is associated with SOP-II. The deeper moist layer
over the ITCZ at the same longitude is present in the

SOP-II cross section (not shown) but not in the SOP-I
cross section.

A detailed comparison of the MABL structure over
the cold tongue with that over the ITCZ was made by
forming composite soundings from these two areas. Fig-
ure 13 shows profiles of uy , r, ue, ues averaged over all
longitudes for the cold tongue and the ITCZ in the east-
ern equatorial Pacific during SOP-II in FGGE. The two
composite soundings are obtained from 1) soundings in
the area 108S–equator and 908–1208W for the cold
tongue (78 soundings), and 2) from soundings in the
area 58–158N and 908–1208W for the ITCZ (90 sound-
ings). The temperature and mixing ratio from 980 to
300 mb of the two composite soundings are given in
the appendix. The standard deviation profiles corre-
sponding to these mean profiles are shown in Fig. 14.
Of significance is the much higher variability in the
mixing ratio above 800 mb for the ITCZ sounding and
the maximum variability at the top of the boundary layer
for both composite soundings.

The potential temperature, mixing ratio, and virtual
potential temperature differences between the composite
soundings are shown in Fig. 15. The profiles of Du
indicate that the air from the surface to 800 mb is about
28 warmer in the ITCZ region than over the cold tongue.
The average SST for the ITCZ soundings is 28.78C com-
pared with 26.08C for the cold tongue. If air at 980 mb
in the ITCZ composite soundings were taken adiabat-
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FIG. 13. Averaged profiles of uy, r, ue, and ues for soundings over the cold tongue (solid line, 78 soundings) and the ITCZ (broken line,
90 soundings) during SOP-II. The freezing levels of the two averaged soundings are ;560 mb.

FIG. 14. Standard deviation of variables in Fig. 13.

ically to 1010 mb, its temperature would be about 0.48C
lower than the average SST. Over the cold tongue, 980-
mb air taken adiabatically to 1010 mb would be about
1.18C lower than the SST. The differences shown in Fig.
15 show little vertical structure from the surface to 800
mb. The cold tongue soundings, however, are slightly

warmer (about 0.58C) than the ITCZ soundings at 800
mb. This temperature difference is consistent with en-
hanced subsidence over the cold tongue relative to the
ITCZ. The profiles of mixing ratio, however, show that
the air from the surface to 300 mb over the cold tongue
is much drier than in the ITCZ. Transports of moisture
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FIG. 15. Differences in u, r, and uy between the ITCZ and the cold-tongue averaged soundings shown in Fig. 13.

FIG. 16. North–south cross section diagrams of mean SST and OLR
as well as RH and u at 980 mb between 958 and 1058W during both
SOP-I and SOP-II.

to the upper troposphere by convection over the ITCZ
and subsidence over the cold tongue are consistent with
these differences. Although the mixing ratio and poten-
tial temperature differences above 800 mb are signifi-
cant, the resulting differences in virtual temperature are
relatively small. Differences in the low-level stability
are further indicated by the profiles of ue and ues. The
increased instability over the ITCZ relative to the cold
tongue is due to two factors: a higher boundary layer
ue and the destabilization of the stable layer near 800
mb. A close examination of the composite ITCZ ues

profile over the ITCZ indicates a slightly stable layer at
800 mb that remains in the average since some of the
soundings over the ITCZ have inversions at this level.

5. North–south variations in MABL structure over
the CTIC

The previous section concentrated on the average
thermodynamic differences between the cold tongue and
the ITCZ. Here we provide a more detailed description
of the latitudinal variations in boundary layer structure
over the eastern equatorial Pacific CTIC. This analysis
is restricted to SOP-II when the N–S variations in SST
were greater than during SOP-I. North–south cross sec-
tions for SOP II in two longitudinal bands from 958 to
1058W and from 1058 to 1158W were obtained by group-
ing soundings within the two longitudinal bands into
2.58 latitude intervals. The north–south distributions of
the mean SST and OLR for May and June in 1979 along
958–1058W are shown in Fig. 16. These indicate that
the main convective activity indicated by the OLR was
located between 88 and 108N in the eastern equatorial
Pacific during FGGE SOP-II with the maximum SST
near 128N. The SST cold tongue was centered at 08–
28S, although it is not as pronounced as the climato-
logical mean of cold seasons of cold years shown in
Wallace et al. (1989). The average RH and u at 980 mb
obtained from the 181 FGGE soundings between 958
and 1058W are also shown in Fig. 16.

The north–south variation of moisture, particularly
above 800 mb, is clearly illustrated in Figs. 17a and
17b where the cross sections of mixing ratio over the
two longitudinal bands are shown. In both bands there
is a well-defined increase in moisture from south to
north. A well-defined dry area appears at 800 mb over
the equator. This area is also associated with drier con-
ditions near the surface and is located slightly north of
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FIG. 17. North–south cross sections of mixing ratio over two lon-
gitudinal bands during SOP-II: (a) 958–1058W; (b) 1058–1158W. The
freezing level is located at ;570 mb.

FIG. 18. North–south cross sections of ue over the two longitudinal
bands during SOP-II: (a) 958–1058W and (b) 1058–1158W.

the lowest SSTs in this region. Both entrainment of the
relatively dry air at 800 mb and reduced surface mois-
ture fluxes over the lower SST regions may contribute
to the drying through the boundary layer.

Figure 18 shows north–south cross sections of ue over
the two longitudinal bands. The dry layer over the equa-
tor results in a well-defined minimum in ue. The source
of the dry air that gives rise to the ue minimum is un-
certain. Air subsiding in response to upward motion in
the ITCZ is one possibility. This would not explain,
however, the variations in mixing ratio at 800 mb near
the equator since a close examination of the vertical
structure shows a relative minimum that is consistent
with the mixing ratio reversal discussed by Kloesel and
Albrecht (1989). In addition, it is possible that dry air
from the South American continent can extend over the
eastern equatorial Pacific and influence the cloud prop-
erties over the region, although the driest conditions are
found in the more westerly of the two longitude bands.

The depth of the boundary layer as indicated by the
sharp gradient in ue near 800–850 mb shown in Fig. 18
indicates that the heights of the trade inversion layer
have little north–south variation except in the 1058–
1158W band where the boundary layer is shallowest
over the cold tongue. The vertical gradients of ue at this
level are weaker over the ITCZ, which is consistent with
fewer and weaker inversions in this area.

The variations in the meridional and zonal wind com-
ponent over the eastern equatorial Pacific are shown in
Fig. 19. The study domain (EEP shown in Fig. 3) was
divided by 2.58 latitude intervals into 10 zones from
958 to 1158W. The mean winds shown in Fig. 19 indicate
that from 980 to 920 mb the southerly wind component
increases substantially from 108S to 7.58N with an
abrupt shift to light northerlies at 108N. These obser-
vations are consistent with those shown in previous
studies (Bond 1992; Wallace et al. 1989) and indicate
a strong acceleration of the winds north of the cold
tongue. The largest increase in the southerly wind com-
ponent is from 2.58 to 7.58N over the region of increas-
ing SSTs in a relatively shallow layer near the surface.
There is little evidence, however, to support the hy-
pothesis proposed by Wallace et al. (1989) that the ver-
tical shear of the meridional wind is greater over the
cold tongue than over the higher SSTs to the north be-
cause of stability differences. The easterly component
is strongest south of the cold tongue and on average is
weak to the north of the dry tongue at the 800-mb level.
Thus these observations do not support the idea that the
dry air at this level is advected from over South Amer-
ica.

Over the cold tongue, the relative humidity at 980
mb (Fig. 16) exhibits a maximum. Wallace et al. (1989)
suggested that this increased RH is consistent with the
increased boundary layer stability over the cold tongue.
Although we do not have quantitative estimates of the
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FIG. 19. North–south distribution of the (a) meridional wind component and (b) the zonal
wind component over the EEP during SOP-II.

surface fluxes, if the lowest layers are well mixed, the
differences between SST and u at 980 mb imply that
the surface sensible heat fluxes north of the equator are
greater than those south of the equator. The greatest
fluxes would be near 7.58N, where the winds are stron-
gest and the air–sea differences are large.

The north–south distributions of heights of inversion

layers, transition layers, and the LCLs calculated from
temperature and mixing ratio at 980 mb are shown in
Fig. 20. The inversion heights show a systematic low-
ering from 108S to 58N with an increase over the warmer
SSTs. The latitudinal variations in the inversion height
over the ITCZ are less reliable since the number of
soundings is relatively small at these latitudes.
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FIG. 20. Latitudinal variations in heights of the inversion, transi-
tion layer, and LCLs over EEP during SOP-II.

The average LCLs shown in Fig. 20 are consistently
within the transition layer and slightly lower over the
ITCZ. This lowering of the LCL over the ITCZ occurs
since moistening of the subcloud layer is sufficient to
counteract an increase in the LCL associated with the
warming. As the LCL is lowered to the base of the
transition layer over the ITCZ, one would expect the
convective transports to be enhanced since updrafts in
the subcloud layer can increase their temperature
through latent heat release once they reach the LCL.
The trade inversions that are observed over the ITCZ
region are not substantially higher than those observed
elsewhere, although the frequency of occurrence is sub-
stantially reduced. The average inversion height does
not increase substantially as air flows over the equatorial
front. This region is often associated with low-level
stratiform clouds (Deser et al. 1993). These clouds are
often attributed to the increased heat and moisture fluxes
from the surface. Although the situation may be similar
to those observed in cold-air outbreaks in midlatitudes,
the clouds may differ substantially in character from
those observed in midlatitudes where a relatively deep
mixed layer can be maintained by very strong surface
fluxes (Mahrt and Paumier 1984). Since a number of
the soundings over the higher SSTs have transition lay-
ers, it is likely that conditions in this region are often
associated with cumulus rising into stratus. This infer-
ence is consistent with the ship-based cloud climatol-
ogies for this region (Norris 1998).

6. Summary and discussion

Soundings collected during FGGE have been used to
study the boundary layer structure over the eastern equa-
torial Pacific, an area for which there have been few
observations of boundary layer structure. In the eastern
equatorial Pacific the 453 soundings remaining after a
data quality control procedure was applied have been

classified into three categories—stable, inversion, and
unstable—on the basis of the low-level stability. Ap-
proximately 60% of the soundings over the eastern
equatorial Pacific during FGGE are found with low-
level inversion layers. The inversion layers had an av-
erage base at about 850 (655) mb and an average top
at about 770 (663) mb. Stable soundings also had a
higher mean LCL than unstable soundings (918 mb as
compared with 938 mb). Inversion layers were present
in more than 80% of the soundings from 7.58S to the
equator, while more than 40% of the soundings from
2.58 to 12.58N were found to be unstable.

Although the inversions at 800 mb may be critical in
limiting the development of deep convection, the tran-
sition layer may represent an important control on the
convective coupling between the subcloud and the cloud
layer. Transition layers are found to be present in 45%
of the soundings over the eastern equatorial Pacific. The
mean heights of the bases and the tops of the transition
layers are 943 (619) mb and 914 (624) mb, respec-
tively, and show little spatial or temporal variation.
LCLs (;930 mb) of the soundings with transition layers
were always located in the transition layer, consistent
with the GATE findings (Fitzjarrald and Garstang 1981).
In the regions where more unstable soundings were ob-
served, the LCLs were on average close to the base of
the transition layer. Under stable conditions the mean
LCL is closer to the top of the transition layer. Trans-
ports from the subcloud to the cloud layer may be en-
hanced when the LCL is close to the base of the tran-
sition layer since thermals in the subcloud layer have a
higher probability of reaching their condensation level
before encountering the stable layer. A comparison be-
tween the composite soundings with and without the
transition layer indicated that the cloud layers of the
transition soundings are drier and warmer than the cloud
layer of the nontransition soundings. A layer-by-layer
averaging procedure was used to preserve the structure
of soundings with both the inversion and the transition
layers for this comparison. The drier conditions in the
cloud layer are consistent with a decreased transport
from the subcloud layer when the transition layer is
present. The locations and associated SSTs of soundings
with and without the transition layer give no evidence
that the transition layer occurs more frequently over
warm SSTs. The average difference in virtual potential
temperature across the transition layer for different re-
gions and both SOP-I and SOP-II was remarkably con-
stant at 0.9 K. Since the transition layer is an important
part of the MABL structure over the eastern Pacific, the
processes involved in the formation and maintenance of
this layer need further investigation.

We made a detailed comparison of the thermodynam-
ic structure over the cold tongue and the ITCZ north of
the equator. The presence of 800-mb inversions is the
most obvious feature associated with the cold-tongue
soundings. Although most of the soundings in the ITCZ
are unstable, more than 30% of soundings in this region
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had a stable boundary layer structure. The boundary
layers with inversions in the ITCZ may be maintained
by subsidence in the vicinity of deep convection. Little
east–west variation in the atmospheric structure is ob-
served, although the driest air over the cold tongue at
800 mb is observed between 1158 and 1258W.

A comparison of the average thermodynamic struc-
ture over the ITCZ with that over the cold tongue in-
dicates that the virtual potential temperature difference
between these two areas is confined to the layer between
850 mb and the surface. The ITCZ soundings are ap-
proximately 28C warmer than cold-tongue soundings
throughout this layer. This difference is consistent with
the mean difference in the SSTs between these two re-
gions. Since the effects of the SST variations are re-
flected by temperature differences that are uniform
through the lowest 150 mb, a definition of the boundary
layer that extends from the surface to the trade inversion
is clearly appropriate. The mixing ratio for the ITCZ
composite soundings is greater at all levels than the
mixing ratio for the cold-tongue composite. The mixing
ratio at the 800–850-mb layer is 4–5 g kg21 higher over
the ITCZ than over the cold tongue. This same layer is
about 18C colder than the same layer over the cold
tongue. The negative correlation between mixing ratio
and temperature at this level is consistent with changes
in the thermodynamic structure due to vertical velocity
variations. Thus surface and boundary layer processes
alone cannot explain the thermodynamic differences be-
tween the cold tongue and the ITCZ. Variability in the
large-scale vertical velocity may also be important. The
boundary layer structure provides a critical link between
the large-scale motions and the type and extent of con-
vection.

A detailed description of the boundary layer structure
of the cold tongue–ITCZ complex (CTIC) was made by
constructing north–south cross sections (108S–158N) of
potential temperature, mixing ratio, equivalent potential
temperature, and meridional winds for longitudinal
bands 958–1058W and 1058–1158W. The north–south
structure in both bands is similar and shows a sharp
transition in the meridional winds and the thermody-
namic structure at 7.58N. Inversion heights are slightly
lower over the cold tongue than over regions to the north
and south. There is little latitudinal variation in the
height of the transition layer across the CTIC. Although
the LCL of 980-mb air is located near the average top
of the transition layers observed over the cold tongue,
in the ITCZ it is closer to the average base of the tran-
sition layers. These differences, while subtle, may have
a substantial impact on the coupling between the sub-
cloud and the cloud layer.

The overall features of N–S variation in the MABL
structure over the CTIC as defined from the FGGE drop-
winsondes are consistent with structure defined by Bond
(1992) in a study that used a much smaller dataset. There
was, however, little evidence to support the hypothesis
that vertical shear of the meridional wind is greatest

over the cold tongue in association with the more stable
boundary layer conditions there. The north–south sec-
tions indicate that the dry air over the 800-mb inversions
(Kloesel and Albrecht 1989) is most pronounced over
the cold tongue. A signature of this above-inversion dry
air is detected in the boundary layer. This signature
indicates that the effects of the dry layer are commu-
nicated to the boundary layer through entrainment. The
dry layer may be due in part to compensating subsidence
associated with convection in the ITCZ as well as the
subsidence in divergent southeastern trade winds.

This study indicates little N–S variability of the in-
version heights across the CTIC. The theoretical study
of Schubert et al. (1995) suggests that the subtropical
inversion height is dynamically extended into the Trop-
ics in such a way that there is little variation in the depth
of the boundary layer. However, the constancy of the
inversion height over the ITCZ itself may also be a
manifested by compensating subsidence in the vicinity
of deep convection. One way of evaluating the perfor-
mance of models of the CTIC atmospheric structure will
be to examine how well they represent the 800-mb in-
versions and the variations of these structures across the
CTIC. It will be more difficult, however, to make a
similar evaluation of the models using transition layer
statistics since it is doubtful that large-scale and me-
soscale models will ever have the capability to represent
transition layer structures. Transition layer structures are
an explicit feature of the cumulus parameterizations de-
scribed by Betts (1973) and Arakawa and Schubert
(1974). The stable transition layer at cloud base is also
explicitly related to the cumulus dispatcher function first
described by Ooyama (1971). Thus a better understand-
ing of how this layer is formed and maintained may be
needed to improve parameterizations.

This study was made possible by a unique set of
observations that provide an unprecedented description
of the thermodynamic structure over the Pacific. But
soundings used in this study were mainly used to pro-
vide observations in support of data assimilation studies
made as a part of FGGE. Consequently, there were rel-
atively few supporting observations that could be used
to study processes in the study area. Thus the utility of
this dataset is limited. Future monitoring and field stud-
ies in this region are being planned as part of the Eastern
Pacific Investigation of Climate Processes in the Cou-
pled Ocean–Atmosphere System. These studies should
provide the detailed observations of boundary structure
over the CTIC.
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APPENDIX

TABLE A1. The average temperature and mixing ratio from 300 to
980 mb for soundings over the cold tongue (108S to the equator, 908–
1208W) and over the ITCZ (58–158N, 908–1208W). There are 78 and
90 soundings over the cold tongue and the ITCZ during SOP-II,
respectively.

Pressure
(mb)

Cold tongue

Temperature
(8C)

Mixing ratio
(g kg21)

ITCZ

Temperature
(8C)

Mixing ratio
(g kg21)

300
350
400
450
500
550
600
650
700
710
720

231.5
222.5
215.5
29.7
25.0
20.7

3.4
6.9

10.6
11.2
11.8

0.25
0.38
0.52
0.69
1.06
1.57
2.06
2.96
3.46
3.63
3.76

230.9
222.7
215.9
29.9
25.2
21.1

2.7
6.6
9.8

10.4
11.0

0.46
0.86
1.32
2.05
2.73
3.82
4.59
5.59
6.76
7.01
7.30

730 12.5 3.84 11.6 7.67
740 13.0 3.98 12.2 7.98
750 13.6 4.09 12.7 8.23
760 14.1 4.16 13.2 8.44
770 14.6 4.34 13.7 8.79
780 15.1 4.61 14.1 9.18
790 15.4 4.88 14.6 9.64
800 15.7 5.30 15.0 9.90
810 15.9 5.68 15.4 10.10
820 16.0 6.19 15.8 10.50
830 16.0 6.99 16.3 10.94
840 15.9 7.99 16.7 11.47
850 16.0 8.90 17.1 11.92
860 16.1 9.75 17.5 12.36
870 16.4 10.49 17.9 12.84
880 16.8 11.03 18.4 13.28
890 17.3 11.56 18.8 13.70
900 17.8 11.99 19.4 14.15
910 18.3 12.44 19.9 14.57
920 18.9 12.92 20.5 15.02
930 19.4 13.41 21.1 15.55
940 20.0 13.92 21.6 16.12
950 20.6 14.58 22.3 16.72
960 21.3 15.18 23.0 17.24
970 22.0 15.69 23.7 17.70
980 22.7 16.08 24.5 18.13

National Oceanic and Atmospheric Administration
(NOAA) under Grants NA37RJ0200 and NA67RJOK19.
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