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ABSTRACT

Upper air and surface data from the GARP Atlantic Tropical Experiment (GATE) are used to examine
the interrelationships between convective-scale precipitation and the larger scale wind field. The upper
air winds from the inner (B) and outer (A/B) hexagonal observational arrays are fit with second-order
polynomials to provide smooth estimates of the vorticity, divergence and vertical motion in the observa-
tional array. In these analyses we examined archived validated data from all three phases of the experi-
ment and we formed averages based on the radar-estimated precipitation rates.

Mean profiles for 19-day periods during each of the three observational phases establish the basic
similarity of the kinematics during each phase. Strong boundary-layer convergence balanced, for the most
part, by upper tropospheric divergence, is common to all three phases.

Radar-estimated precipitation rates are used to define suppressed (precipitation rates <0.1 mm h™') and
highly disturbed (precipitation rates >0.5 mm h~!) states over the observational array. Mean profiles
for the disturbed states in each phase show weaker easterly winds and much larger upward vertical veloci-
ties than do the mean profiles for the suppressed states. The mean vorticity profiles for each state do not
show such clear-cut differences.

Time series of 12 h averages indicate that the precipitation events in Phase I1I corresponded very closely
to the cyclonic maxima of the 700 mb relative vorticity, reflecting the influence of the easterly waves
described by Reed ez al. (1977). During Phases I and 11, when easterly waves were poorly organized, the
precipitation events did not correspond closely to the cyclonic vorticity maxima. On the other hand,
precipitation events showed good correspondence with the large-scale (A/B) 700 mb upward vertical
velocity maxima and surface meridional convergence dv/dy during all three phases. This shows that the
precipitation is clearly related to events on a larger scale.

The effects of convective activity on the large-scale flow are examined through the vorticity budget.
The vorticity budget residual profiles were similar from phase to phase with cyclonic production maxima
in the mid and upper troposphere. The upper tropospheric residual maximum is as strong during the
suppressed state as it is during the highly disturbed state. At the surface, individual values of the
residual are almost always opposite in sign to the vorticity. The mean vorticity budget for the A/B array
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shows the tipping term to have magnitudes comparable to other terms in the vorticity budget.

1. Introduction

One of the primary aims of the GARP! Atlantic

Tropical Experiment (GATE) was to gain an in-

creased knowledge of the meteorology in the mari-
time tropics and its relation to the earth’s general
circulation. One of the specific goals was an under-
standing ‘of tropical systems on various temporal
and spatial scales, with emphasis on the interaction
between the cumulus, cloud-cluster and synoptic
scales (WMO GATE Rep. 1, 1972). The location
of the experiment in the latitude band encompassing
the convectively active Intertropical Convergence
Zone (ITCZ) provided the data to study some as-
pects of these scale interactions. A number of re-

! Global -Atmospheric Research Program.

cent descriptive and quantitative studies utilizing
GATE data have dealt with events on a particular
scale and, to a limited extent, their interaction with
events on other scales. Burpee (1975), using a com-
positing technique similar to that of Reed and
Recker (1971), examined the mean flow character-
istics of 24 synoptic-scale African waves using
preliminary data from all three observation phases
of GATE. He composited satellite data based on
synoptic-scale wave phase, and found that maxima
in the areal coverage of upper cloud coincided with
maxima in the upward vertical motion. Reed ef al.
(1977) formed composites for the synoptic wave dis-
turbances of the third observational phase. In addi-
tion to satellite images, they used precipitation esti-
mates based on raingage measurements, and found a
threefold increase in both satellite-inferred convec-
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tive cloud and precipitation with passage of the wave
trough. Thompson et al. (1979), using validated
data from Phase 111, which included radar precipita-
tion estimates, performed a more extensive analysis
of the composite easterly waves, and compared the
waves- of the eastern Atlantic and western Pacific.
The presence of three distinct layers of divergence
in the GATE wave led them to postulate the exist-
ence of three main cloud populations.

In an analysis of events on a smaller scale, Martin
(1975) used satellite data to describe the characteris-
tics of cloud clusters during GATE. Houze (1975)
~identified the principal squall lines which occurred
during the experiment and used radar images to
describe their behavior. In the range from cumulus
to cloud-cluster scale, Houze and Cheng (1977) per-
formed a statistical study on GATE radar echoes,
relating individual echo lifetimes to horizontal and
vertical dimensions. Their study confirmed the pre-
dominance of precipitation of convective origin.

The results of these studies suggest that the pre-
cipitation, while basically of convective origin,
could be related to events on a larger scale, e.g.,
the troughs of synoptic-scale waves. Of fundamen-
tal interest then is whether the precipitation events
can be related to kinematic quantities evaluated on
scales much larger than individual convective ele-
ments. Related to this is the problem of determining
the extent to which ensembles of convective ele-
ments affect the larger scale flow. We examine some
aspects of this feedback through the study of the
vorticity budget. Budget computations are per-
formed for both suppressed and highly disturbed
conditions.

The analysis is divided into four parts. In the
first part, mean profiles of the divergence, vorticity
and vertical velocity for each phase are presented.
These means serve as the background required to
discuss and interpret the results of the analyses
presented in the following three parts. In part two,
we form means for the suppressed and highly dis-
turbed states and discuss similarities and differ-
ences. The relations between the larger scale winds
in suppressed and enhanced states are examined
in more detail in part three through the time series
of precipitation, vorticity, divergence and vertical
velocity. The effects of cumulus on the larger scale
are discussed through the vorticity budget in part four.

2. Data sources

Rawinsonde and surface data taken by ships sta-
tioned in the inner (B-array) and outer (A/B array)
hexagons of the GATE network (Fig. 1), provided
the main sources of data for the computations used
in this study. Precipitation rates were estimated
from reflectivity data collected on four ships equipped
with C-band digital radars. The analyses were per-
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Fi16. 1. GATE A/B and B ship arrays and
the circular ‘‘master’’ array.

formed on three 19-day observation periods, one
during each phase (Table 1).

Rawinsondes were launched at 3 h intervals dur-
ing priority periods, €.g., periods of enhanced
convection, and at 6 h intervals at other times. The
archived validated upper air data set as described
by Reeves (1978) was used for the computations.
The data for all ships of the B and A/B arrays were
used in a scheme which fit the zonal and meridional
wind components to a quadratic surface. One
advantage of this fitting scheme is that we may
estimate the winds and their first derivatives any-
where in the array. The coefficients resulting from
the least-squares-fitting scheme were then used to
evaluate all of the kinematic quantities discussed -
below and the terms in the vorticity budget equa-
tion at the center of the arrays (8.5°N, 23.5°W). The
data were fit in 25 mb layers and overlapping 12 h
means every 6 h. The vorticity budget quantities
have been averaged over 125 mb layers. Additional
editing of the second-order coefficients was per-
formed using the asymptotic. singular decomposi-
tion technique of Jalickee and Klepczynski (1977).

TABLE 1. Periods of observation during GATE.

Phase I 28 June-16 July
Phase I1 28 July-15 August .
Phase 111 30 August-17 September
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Fic. 2. Mean relative vorticity and divergence profiles: Phase 1 (dashed-dotted),
Phase 11 (dashed) and Phase 111 (solid).

The  vertical velocity was computed by vertical
integration of the horizontal divergence, with mass
balance insured at 100 mb utilizing a method
(O’Brien, 1970) which assumes that errors in com-
puted divergence increase linearly with decreasing
pressure. This is a reasonable assumption for the
errors associated with winds derived from the
radar-tracked sondes of the outer hexagon. In the
vorticity budget computations, which require hori-
zontal gradients of vertical velocity, O’Brien’s
technique was also employed; i.e., the horizontal
gradients were set equal to zero at 100 mb with ad-
justment at otherlevels alinear function of pressure.

The rainrates were estimated from the radar re-
flectivity data, which were verified by intership
comparisons as well as with shipboard raingage
calibrations (Hudlow et al., 1979). The 12 h esti-

mated precipitation rates were formed by averaging

- four 3 h rates over the B array or the ‘‘master’

array as described by Hudlow and Patterson (1979).
The master array covered a circular area extending
approximately 200 km in radius, i.e.; slightly larger
than the B-array. Averages over the B array were
used except for the comparison of B- and A/B-array
vertical velocities with rainfall. In this case the
average rainrate over the master array was used for
the comparison over the A/B array. Data from the
individual radars were merged to obtain the refined
precipitation estimates over the B and masterarrays.

3. Analyses

Means for each phase, for the wind components
and their spatial derivatives and for the derived
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F1G. 3. Components of the relative vorticity du«/dy and dv/dx. Plotting convention
same as in Fig. 2. ;
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F1G. 4. Vorticity and divergence variability. Plotting convention same as in Fig. 2.

_quantities of the vorticity budget, are formed by AEJ African Easterly Jet (middle troposphere
averaging the individual 12 h values. wind maximum)
The notation is as follows:

AR~

v

ATWrE Qo

— -
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L)

zonal component of the wind a. Phase-mean profiles

meridional component of the wind 1) RELATIVE VORTICITY

the standard deviations (variability)

vertical velocity The mean relative vorticity profiles (Fig. 2) are

relative vorticity , similar in shape for all three phases, and agree qual-
latitudinal variation of Coriolis parameter, f itatively with the Phase 111 profile shown in Thomp-

stress vector sonet al. (1979). However, the Phase I mean is more
horizontal wind vector cyclonic throughout and is the only profile to show
Tropical Easterly Jet (upper troposphere relatively large cyclonic vorticity in the boundary

wind maximum) layer. Even though the circulation is more cyclonic
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F1c. 5. Components of the divergence du/dx and dv/dy. Plotting convection same
as in Fig. 2.
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F1G. 6. Mean vertical velocity and variability. Plotting convention same asin Fig. 2.

during Phase I, the mean precipitation rate over the
B array (0.49 mm h™!) is not very different from that
observed during Phase III (0.53 mm h™!). Both
amounts are greater than the mean precipitation
rate during Phase II (0.38 mm h™'). The latitudinal
variation of the zonal wind component, —du/dy,
makes the main contribution to the vorticity (Fig. 3).
The large cyclonic values of this term in the middle
troposphere are a consequence of the position of
the AEJ to the north of the array. The cyclonic shear
is considerably weakened during Phases II and I11.
The TEJ, on the other hand, has its maximum over
the array as indicated by the zero value of —0u/0y
at the level of the jet. There is little systematic varia-
tion in the dv/dx vorticity component. The anti-
cyclonic peak at 200 mb contributes to the strong
anticyclonic peak on the mean vorticity profile.

The o({) in Fig. 4 remains on the order of 1075 s~!
for all three phases, with little systematic height
variation.

2) VELOCITY DIVERGENCE

The mean divergence profiles (Fig. 2) and the
individual profiles of du/8x and dv/8y (Fig. 5) show
only minor differences from phase to phase. The
relatively strong boundary-layer convergence is in

TABLE 2. Vertical velocity at 100 mb. Mass balance not imposed.

Phase W (mb s™) W (mb day™)
1 2.6 x 1074 23
11 1.2 x 107 10
I 2.3 x 1074 20

qualitative  agreement with profiles presented by
Brummer (1978) and is a reflection of the latitudinal
gradient of the meridional wind component 6v/0y.
This term may reflect the presence of the ITCZ in
the observational array during most of the experi-
ment. At higher levels (~200 mb) the positive con-
tribution to the divergence from 0v/dy exceeds a
negative contribution of du/dx indicative of the
deceleration of the TEJ. As with o({), the o (div)
profiles show little difference from phase to phase
(Fig. 4). There is a weak maximum in variability
in the vicinity of the TEJ.

3) VERTICAL VELOCITY"

The Phase mean vertical velocity at 100 mb,
without mass balance imposed (Table 2), is a meas-
ure of the errors in this computation. The values
for all phases are less than 25 mb day~'. The phase
mean o profiles, Fig. 6, are similar in shape. Thomp-
son et al. (1979) obtain a similar profile for the
B array in Phase III. The mean vertical motion in
the upper troposphere was weakest during Phase 11,
the Phase with the lowest average precipitation rate.
The maximum upward vertical motion occurs in the
lower troposphere during each phase, a consequence
of strong convergence in the boundary layer and
weak divergence in the middle troposphere.

The o(w) values are of the same order as w and
do not show systematic variations from phase to
phase.

While the phase mean vertical velocity profiles
are quite similar, the phase mean precipitation pat-
terns, Hudlow (1977), are quite different. In Phase
I, radar shows that the precipitation is concentrated
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FiG. 7. Mean vertical velocity at 6.5°N (heavy) and 10.5°N (light).

in the southern half of the array. The raingages
aboard the northernmost ships in the A/B array
~caught no precipitation, (Seguin and Sabol, 1976),
while a considerable amount of rainfall was re-
corded over the center and southern portions of the
array.- A more uniform spatial distribution of pre-
cipitation was observed during Phases 1I and III.
This pattern is reflected in values of w evaluated
from the second-order fit of the wind components
at points 2° latitude to the north and to the south of
the center of the array (Fig. 7). In Phase I there are
striking differences in the mean vertical velocity
profiles for the southern (strong upward motion)
and northern (weak downward motion) parts of the

array. The profiles for Phases IT and III show a much
more uniform mean vertical motion field. The verti-
cal motion-precipitation rate relationship is ex-
plored further in the next section through a com-
parison for disturbed and suppressed conditions:

b. Mean profiles for disturbed and suppressed
conditions

Radar estimates of the rainfall rate over the B ar-
ray are used to distinguish between highly disturbed
and suppressed conditions. For purposes of forming
comparisons in this paper, highly disturbed periods
are defined as those for which the 12 h average rain-
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F1G. 8. Zonal and meridional wind profiles for disturbed (heavy) and undisturbed (light)
for Phase I (dashed-dotted line), Phase 1I (dashed line), Phase III (solid line).
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TasLE 3. Number of 12 h periods and the average precipitation
rate in mm h~* for the suppressed and disturbed composites.

Suppressed

Disturbed
Precipi- Precipi-
Number  tation rate Number tation rate
- 'Phasel 14 0.03 15 1.04
Phase 11 10 0.04 12 0.79
Phase 111 4 0.02 16 1.04

fall rate over the B array is >0.5 mm h™!; suppressed
periods as those for which this average is <0.1 mm
h~1. These threshold values were selected to pro-
vide as clear a separation between atmospheric
states as possible and yet include a substantial
amount of the data from the experiment. Periods
during which the rainfall rates are >0.1 mm h™" but
<0.5 mm h~'are not included in the analyses. Table

'3 shows the number of cases in each category for

‘each Phase and the average precipitation rate for
each category. Although there are only four in-
dependent cases in the suppressed category in Phase
111, the mean profiles are presented for completeness.

Hu,v COMPONENTS

The profiles of the zonal wind, Fig. 8, reveal a
more easterly flow through most of the troposphere
during suppressed periods, with the AEJ stronger,
and more sharply defined than during the disturbed
events. There is no significant difference in the
meridional wind component shown in Fig. 8 between

- disturbed and suppressed periods.

2) RELATIVE VORTICITY

The mean profiles of relative vorticity for the dis-
turbed and suppressed cases show distinct differ-
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ences for Phases II and III (Fig. 9). The disturbed
profiles generally show cyclonic vorticity while the
suppressed profiles exhibit anticyclonic vorticity
at most levels. The distinction between the vor-
ticity for disturbed and suppressed cases is sharpest
near the 700 mb level during Phase III. During
Phase 11 the contrast between disturbed and sup- -
pressed profiles is not as strong, while during Phase
1, there are no systematic differences. -

3) VERTICAL VELOCITY

The mean vertical velocity profiles for the dis-
turbed periods (Fig. 10) show upward motion (=—1.5
X 1072 mb.s™Y) in the region from 900 to 300 mb for
all three phases. This contrasts sharply with the
mean profiles for the suppressed periods which show
weak downward motion (=0.2 X 107? mb s~!) above
600 mb and weak upward motion only in the lower
troposphere. The differences between the vertical
velocity profiles for disturbed and suppressed con-
ditions show that vertical velocity computed on this
scale is a good indicator of phase average pre-
cipitation over the B array. o

The mean vertical velocity profiles are clearly dif-
ferent during suppressed and highly disturbed condi-
tions. On the other hand, the relative vorticity pro-
files do not fall neatly into two classes. In order to
understand better the relationship of the precipita-
tion events to the divergence, vorticity and vertical
velocity, we compare the time series of these quan-
tities at 700 mb with the time series of the B-array
precipitation rate.

c. Time series

The discussion of the time series of the kinematic
quantities is limited to the surface and 700 mb. We

-
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FiG. 9. Mean relative vorticity profiles for disturbed and suppressed conditions.
Plotting convention same as in Fig. 8.
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Fi1G. 10. Mean vertical velocity profiles for disturbed and suppressed conditions.
Plotting convention same as in Fig. 8.

have chosen the latter because the amplitudes of
the perturbations are particularly strong at 700 mb.

- 1) RELATIVE VORTICITY

The time series of 700 mb vorticity and precipita-
tion rate in Fig. 11 reveals no obvious relationship
between the two during Phase I and the first half of
Phase I1. However, during the latter half of Phase II
and all of Phase I there is a close correspondence
between the precipitation events and the peaks in
cyclonic vorticity. This is in agreement with the
Phase I1I findings of Reed et al. (1977), who at-
tributed a significant part of the variations in vor-
ticity and precipitation to the progression of easterly
waves through the observational array. Some meas-
ure of the strength of the easterly waves is obtained
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FiG. 11. Time series of 700 mb relative vorticity (dashed) and
precipitation rate (solid).

by inspection of Fig. 12, the time series of dv/dx,
the component of vorticity which emphasizes the
easterly waves. During Phases I and II, the behavior
of 9v/dx indicates that the waves are weaker and
more poorly organized, in sharp contrast to Phase 111
where the peaks of precipitation correspond to the
regular passage of wave troughs. The mechanisms
for organizing the convection are apparently dif-
ferent for Phases I and Il prompting examination
of other kinematic quantities as common indicators
of precipitation production.

2) VELOCITY DIVERGENCE

Recent studies have shown a positive relation-
ship between surface convergence and precipita-
tion on the mesoscale, e.g., Fernandez-Partagas
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F1G. 12. Time series of 700 mb dv/0x vorticity. contribution
(dashed) and precipitation rate (solid).
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F1G. 13. Time series of surface du/0x divergence contribution
(dashed) and precipitation rate (solid).

(1973), Ropelewski and Reeves (1977), Ulanski and
Garstang (1978), and Brummer (1978). Over the
GATE area the surface flow was convergent 95% of
the time. This is likely a reflection of the persistence
of the ITCZ, which is confirmed by examination of
the zonal (du/dx) and meridional (dv/dy) compo-
nents separately. The time series of du/9x shown
in Fig. 13 reveals the small divergent contribution
from this component during all phases which does
not appear to be related to the precipitation rate.
On the other hand, the dv/8y term shown in Fig. 14
is relatively large and characterized by large-ampli-
tude variations that may be a reflection of the
strengthening and weakening of the meridional con-
vergence typical of the ITCZ. The increases in
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FiG. 14. Time series of surface dv/dy divergence contribution
(dashed) and precipitation rate (solid).
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dv/dy convergence are coincident with or slightly
precede the increases in rainfall rate. The precipi-
tation rate is then related to the strengthening of
the meridional convergence rather than to the con-
tinued existence of low-level convergence. This is
in agreement with a recent study over the C array
by Brummer (1978). The apparent relationship of
surface meridional convergence to the precipitation
rate is present in all three Phases.

3) VERTICAL VELOCITY

Strong low-level convergence such as that mani-
fest below 850 mb corresponds to upward vertical
motion through a deeper layer.

(i) The A/B array. The relationship between the -
precipitation rate and 700 mb vertical velocity over
the A/B array is examined in this section, and com-

“parisons for two different horizontal scales rep-

resented by the A/B and B arrays are made in the
following section.

Houze and Cheng (1977) found that most of the
precipitation during GATE over the B array was as-
sociated with convective activity. One of the central
questions of the experiment was whether the pre-
cipitation, - due mainly to convection, could be
parameterized with kinematic variables evaluated
on much larger scales, e.g., the A/B array. The time
series of vertical velocity, evaluated at 700 mb (Fig.
15), shows the close relationship between upward
vertical motion at this level and precipitation over
the master array. A clear relationship between up-
ward vertical velocity and precipitation rate is
evident even for those precipitation events which
are poorly correlated with 700 mb vorticity or sur-
face divergence. In some cases (e.g., 6-8 July,
13—-14 September), complex variations in the pre-
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F1G. 15. Time series of 700 mb vertical velocity (dashed) and
precipitation rate.
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F1G. 16. Time series for Phase 111 of 700 mb vertical velocity (dashed) and pre-
cipitation rate (solid) for A/B and B arrays independently. Light vertical lines are
drawn through the major upward vertical velocity peaks of the B array.

_cipitation rate can be related to corresponding
changes in the 700 mb vertical velocity. These time
series then suggest that parameterization of convec-
tive precipitation in the numerical prediction models
in the vicinity of the ITCZ may be feasible if reason-
able estimates of the vertical velocity over scales
comparable to-the size of the A/B array can be ob-
tained. Estimates of vertical motion over a few
degrees of latitude could then be used to predict
the integrated effects of convective-scale precipita-
tion. Among the many models which utilize esti-
mates of large scale vertical motion in the com-
putation of precipitation are those of Kuo (1965),
Manabe et al. (1965), and Arakawa and Schubert
(1974).

(i)) Comparison between A/B and B array esti-
mates. Some further measure of the relationship
of vertical velocity and precipitation rate on dif-
ferent scales can be obtained through independent
estimates of vertical velocity over the A/B and B
arrays. This was done by computing, through a plane
fit, the vertical velocity for the A/B array using data
from the A/B ships only and for the B array using

data from the B ships only. These estimates of

vertical velocity over the A/B and B arrays are then
compared to the precipitation rates over the master
array and B array, respectively (Fig. 16). These in-
dependent estimates of the vertical velocity at the
center of the arrays are consistent with each other
and with the precipitation rates. The light vertical
lines drawn through the upward vertical velocity
maxima on the B array emphasize the strong simi-

9¢

a¢

+ Vp-V{ + Bv +
5 Vit Byt

&+ )V-Vp) — k- Vo X

larities between vertical motion time series on these
two scales. These time series suggest that the verti-
cal motion on the smaller scale, i.e., the size of the
B array, is normally controlled by scales of motion at
least as large as the A/B array. These results sug-
gest that vertical velocity estimates on the larger
A/B scale may be adequate for parameterization of
precipitation over areas at least as small as the B
array.

d. Vorticity budget computations

The results discussed in the previous section
suggest a large-scale control on the degree or in-
tensity of convective-scale activity. The feedback
mechanism, i.e., the effects of the convective
activity on the larger scale circulation, is examined
through the vorticity budget. Computations of the
vorticity budget by Riehl and Pearce (1968), Reed
and Johnson (1974), Hodur and Fein (1977), Shapiro
(1978) and Stevens (1979) revealed large imbalances
when the terms of the equation were evaluated from
the large-scale variables, which suggested the im-
portance of these processes on scales smaller than
the grid of observations. The imbalances have gen-
erally been attributed to the effects of cumulus con-
vection. Since most of the precipitation during
GATE was due to convective scale motion, we may
obtain some idea of the effect of the smaller scale
motions on the larger scale through a comparison of
the vorticity budgets during suppressed and en-
hanced convective activity periods.

The vorticity equation in pressure coordinates is
gk-V x it . )]

op

A

The sum of the terms on the left-hand side represents the total derivative of absolute vorticity. The first
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term on the right-hand side is the divergence or production term, the second term is the tipping térm, :
and the third is the friction term. Averaging over a horizontal area, indicated by an overbar, gives ‘

K VT Bt o = DTV -
ot : ap :

o7

LT

ap

The left-hand side and the first two terms on the
right-hand side can, in principle, be evaluated directly
from observations. The friction term and the mean
products of the primed quantities cannot be evalu-
ated directly, but their combined effect is estimated
as a residual.
The vorticity budget profiles are shown in Figs.
17-21 with their 2¢/VN confidence intervals.
- Averaging has been performed over 125 mb; thus to
the extent that the individual 25 mb values that make
up the layer averages are not randomly distributed
uncorrelated variables, these errors are under-
estimated. On the other hand, to the extent that
some portion of the variance is due to real meteoro-
logical variations, these error estimates are too large.
The ‘mean divergence production term for the
. three Phases is shown in Fig. 17. The large and per-
sistent boundary-layer convergence during GATE
is responsible for the large mean values of positive
vorticity production below about 800 mb. Anti-
cyclonic vorticity production in the upper tropo-
sphere coincides with the mean divergence of upper
levels.

The tipping term is difficult to evaluate, since it
requires horizontal gradients of the vertical velocity.
The term is often either ignored on the assumption
that it is small, or included with the residual, and
thus combined with subgrid scale processes. We

PRESSURE (mb)

1000 I~

-2 1 0 1 2 3

DIV PRODUCTION {10-10 5-2)

~ Fi16. 17. Mean divergence production term for each Phase with
20/\V/N confidence bands. Plotting convection same as in Fig. 2.

or

— v,
k Vo X —2 — gk-V x
op

vy’
ap ’

~ VOV~ @+ (T V) — ko X @

have evaluated the tipping term from the second-
order fit and the results for each phase are shown
in Fig. 18. The computed values of the term are
comparable in magnitude to the divergence produc-
tion term, with the major contribution from (dw/
ay)Bu/dp). Below about 400 mb the: curves for
the three phases are similar, with a peak of positive
vorticity production between 700 and 800 mb. In the
upper troposphere, however, strong differences oc-
-cur between the three phases, from a cyclonic pro-
duction peak in Phase I to virtually no production
during Phases 11 and III. The major features of the
profiles of the tipping term could be deduced; to
some extent, from the mean zonal wind profiles for
either suppressed or disturbed conditions shown in
Fig. 10, and the vertical velocity profiles for 6.5 and
10.5°N for the three phases (Fig. 7). For example,
the two strong production peaks in the tipping term
for Phase I correspond to the two layers of easterly
flow increasing between 700 and 600 mb and 400
and 200 mb, in the presence of a relatively strong
north-south gradient of vertical velocity.

The vorticity budget residual appears in Fig. 19.
The prominent feature common to all three Phases
is the upper tropospheric cyclonic vorticity source.
The pattern is more complicated than the one ob-
tained by Hodur and Fein (1977) for a four-month

PRESSURE {mb)

1000

i i

-2 -1 0 1 2.3
TIPPING (10 -105-2)

-3

FiG, 18. Mean tipping term for each Phase with 2o/ VN confidence
bands. Plotting convention same as in Fig. 2.
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FiG. 19. Mean apparent vorticity. source including friction
and subgrid-scale processes only for each phase with 20/ VN
confidence bands.

average in the region of the ITCZ in the Pacific.
They obtained two maxima, an apparent cyclonic
vorticity source in the ‘upper troposphere and an

anticyclonic source in the boundary layer. The:

upper tropospheric maximum for GATE is com-
parable in magnitude to the maximum of 1,5 x 10710
s ?shown for Hodur and Fein’s 10° x 7° grid domain.

While the mean vorticity budget profiles are simi-
lar for the three phases, there are interesting dif-
ferences in disturbed and suppressed profiles. The
production and tipping terms for the two states ap-
pear in Fig. 20. Strong differences occur in the pro-
duction term, with boundary-layer cyclonic vorticity
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production about four times as large for the disturbed
cases, Large differences occur in the upper tropo-
sphere as well, with anticyclonic production during
disturbed conditions and cyclonic production for the
undisturbed periods. The cyclonic production aloft
during suppressed periods is a reflection of the
convergence associated with the weak upper tropo-

k spherxc subsidence. There are no significant differ-

ences in the tipping term between dlsturbed and
suppressed conditions.

The residuals for the two states are shown in Flg
21 The similarity to the mean state of Fig. 19 can be
seen. Two features are particularly significant: First,

there is a definite tendency for more cyclonic sub-

grid-scale production in the mid-troposphere during
the suppressed state; second, the apparent cyclonic
vorticity source in the upper troposphere is equally
strong during suppressed and disturbed states. The
usual interpretation of the residual is that it rep-
resents the net effect on the large (or grid) scale by
the smaller scale convective elements within the
grid. This has been hypothesized by Riehl and
Pearce (1968), Williams (1970), Holton and Colton
(1972), and Reed and Johnson (1974). In the bound-
ary layer, ““friction’’ also accounts for a portion of
the residual. The positive apparent vorticity source
in the upper troposphere during suppressed condi-
tions probably cannot be attributed to cumulonimbus
activity, since it is not reasonable to expect signifi-
cant or widespread deep convection with 12 h aver-
age B-array precipitation rates <0.1 mm h™'. Other
vorticity budget studies have found large apparent
vorticity sources in ‘the ‘upper troposphere under
conditions of reduced convective activity. Stevens
(1979), using data for Phase 1II of GATE, found
an apparent cyclonic vorticity source in the upper

PRESSURE (mb)
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F1G. 20. Mean divergence production and tipping terms for disturbed (dashed) and
suppressed (solid) conditions with 2(7/\/— N confidence bands.
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FiG. 21. Mean apparent vorticity source including friction and
subgrid-scale processes only for disturbed (dashed) and sup-
pressed (solid) conditions with 2¢/VN confidence bands.

troposphere in the vicinity of a composite easterly
wave ridge. He suggested the result may be due to
uncertainties in the data. Fein (1977), in a global
vorticity budget over the tropics, found areas with
large magnitudes of the residual at 200 mb in regions
of “‘minimal’’ convective activity. The vorticity
budget residuals reported in those studies and in this
study may be an artifact of the data due to either
error in the rawinsonde winds or an inconsistency
between temporal and spatial averaging scales. On
the other hand, if we are to accept the residuals
as meaningful, then physical mechanisms other than
those associated with deep convection must be re-
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sponsible for the apparent upper level vorticity
source during suppressed conditions.

An explanation of the mean surface remdual is
facilitated, however, by consideration of the effects
of the surface friction. If the surface stress is param-
eterized as the product of a drag coefficient times
a velocity and speed then the curl of the stress in (2)
can be expanded into two terms: one term that in-
volves the cross product of the horizontal speed
gradient and velocity and another term that reduces
to a product of the speed and vorticity. Thus if the
mean residuals near the surface in Fig. 21 are par-
tially a reflection of the surface stress then we ex-
pect the surface residual to be related to the vorticity.

This is very often the case for both the suppressed
(Fig. 22) and disturbed conditions (Fig. 23). A posi-
tive residual almost always occurs with a negative
vorticity and vice versa. The mean negative surface
residual during suppressed conditions is a reflection
of the mean positive vorticity near the surface re-
sulting from the predominance of cyclonic condi-
tions during Phase 1. If the residuals in the disturbed
case represent mostly the effects of deep convection
then their role under surface cyclonic conditions
is almost always to reduce the magnitude of the sur-
face vorticity.

4, Summary and concluding remarks

The relationship of the precipitation to the mean
winds on the scale of the GATE A/B array was
examined by forming means for suppressed periods
and periods of enhanced convection. We have re-
lated the vorticity, divergence and vertical velocity
to the precipitation rate by comparing the time series

Undisturbed
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Phase Ilf ©

RESIDUAL {10577
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e o e
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FiG. 22. Surface apparent vorticity source versus surface relative vorticity
for suppressed conditions.




: SEPTEMBER 1979

REEVES, ROPELEWSKI AND HUDLOW

1167

L Disturbed

Phase 1
Phase il
Phase i1} ©

—-Z

RESIDUAL {10 ° 5°2}

VORTICITY (10 *s )

FiG. 23.-As in Fig. 22 except for disturbed conditions.

of these kinematic variables at the surface and 700
mb to the precipitation time series. We have also
attempted to evaluate the effects that the small scale,
presumably associated with cumulus scale convec-
tion, have on the larger scale through our examina-
tion of the vorticity budget. The results of these
analyses are summarized as follows:

1) Mean boundary-layer convergence balanced
by upper tropospheric divergence results in mean
upward vertical motion through most of the tropo-
sphere in all three phases. The mean upward verti-
cal motion was: weakest in the upper troposphere
during Phase II, the phase with the lowest average
precipitation rate.

2) During suppressed conditions, periods of very
little convective activity, the mean vertical motion
was weak upward in the lower troposphere and weak
downward in the middle and upper troposphere.
During highly disturbed periods, with enhanced
convective activity, strong upward motion (>100 mb
day™!) existed in the mean over much of the
troposphere. )

3) During Phase III when the easterly waves were
well-developed, the precipitation events corre-
sponded very closely to the cyclonic peaks of the
700 mb relative vorticity. During Phases I and II,
when the easterly waves were weaker and more
poorly organized, the precipitation events did not
correspond closely with the cyclonic vorticity
maxima.

4) During all three phases, the precipitation
events showed very good correspondence with the
700 mb upward vertical velocity maxima. Good
correspondence was also observed between the

precipitation ‘events and the surface meridional
convergence 0v/dy.

5) The tipping term for both suppressed and en-
hanced conditions appears to be important in the
mean vorticity balance for the A/B array.

6) The vorticity budget residuals were similar from
phase to phase, with maxima in cyclonic vorticity
production in the mid and upper troposphere. Sepa-
ration into mean suppressed and disturbed states
revealed the unexpected result, that cyclonic vor-
ticity production in the upper troposphere was as
strong during the suppressed state as it was during
the disturbed state. The residuals for the suppressed
state may be a result of errors in the data, incon-
sistency of spatial and temporal averaging scales,
or some physical mechanism other than that associ-
ated with deep convection. ‘

7) The individual values of surface residual and
surface vorticity were  almost always opposite in
sign. If the subgrid-scale production (i.e., the
residual) during the disturbed state with cyclonic
flow results largely from active convection, then
the direct effect of the convection is almost always
to reduce, not increase, the large-scale surface
cyclonic vorticity.

8) Although most of the precipitation during
GATE was of convective origin, this study has
shown that it can be related to the large-scale (i.e.,
the size of the A/B array) vertical motion. If gen-
erally true, this suggests the feasibility of param-
eterizing the precipitation associated with the ITCZ
by a numerical model with a relatively coarse
(~5° of latitude) grid.
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