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ABSTRACT

Diagnostic moisture and static energy budgets for the GATE A/B
scale area are performed at individual time periods using rawinsonde,
radar and satellite data. The data are sufficiently accurate to permit
quantitative analysis of that area with 3-6 hour time resolution.

According to the budget analyses, radar rainfall estimates for the
GATE master array are generally too low and lag the budget rainfalls
by 4-6 hours. This most likely results from underestimates of rain-
fall from small clouds/weak echoes and overestimates of strong echo
precipitation. There is no apparent lag between the A/B-scale vertical
motion at 800 mb and the net condensation rate within the time resolu-
tion of the present data.

Temperature changes for the GATE A/B-area are dominated by the
diurnal cycle of radiational heating. Evidence that convection warms
the upper troposphere and cools the lower levels is presented, but
cloud warming is smaller than the normal diurnal temperature variations.
The net moisture content of the atmosphere varied little during GATE.

Frictionally forced convergence in the planetary boundary layer
is shown to be a relatively unimportant component of total A/B-area
convergence and may be considered negligible for many purposes.
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1. INTRODUCTION

The GARP Atlantic Tropical Experiment (GATE) of the Global
Atmospheric Research Program (GARP) has provided the first data set
suitable for high time resolution analysis of tropical meso-synoptic
scale weather phenomena. This study utilizes rawinsonde, radar and
satellite data from all three phases of GATE to analyze the heat and
moisture budgets of the A/B scale ship array at individual time
periods. The results of the diagnostic budget analyses are used to
investigate temporal variations of the tropical troposphere and certain
interactions between moist convection, radiation,and the state of the
atmosphere on the GATE A/B scale, namely:

1) the atmospheric temperature response to moist convection and
to radiative heating,

2) changes in the total atmospheric moisture content during periods
of enhanced/suppressed convection,

3) phase lag between observed A/B scale mean moisture convergence
and master array radar precipitation,

4) diurnal variations of precipitation and temperature,
and

5) the importance of low level friction as a forcing mechanism
for boundary layer convergence.

As will be shown, the results indicate that:

1) changes in the temperature of the tropical troposphere are
more strongly dependent upon radiational heating than on
latent heat release,

2) atmospheric moisture is quite steady throughout GATE,

3) precipitation responds rapidly to low level convergence, but
the radar-observed precipitation tends to lag calculated net
condensation by 3-6 hours. Problems with the radar rainfall
estimates are suspected, and

4) boundary layer friction does not have a significant effect
upon low level convergence.



2. METHOD
2.i Data Set

Rawinsonde data from 8 ships of the GATE A/B and B-scale arrays
were used (Fig. 1). The rawinsondes were scheduled for launch at 3-hour
intervals although this goal was consistently met only in Phase III.

In general, the data allow time resolution of 3-6 hours. Data were
taken from the GATE processed and validated data tapes from the National
Weather Records Center at Asheville, NC. Data flagged as suspicious

by CEDDAl were deleted. Only time periods containing at least 3 reports
(surface through 100 mb) from the outer 6 Russian Ship positions were
selected.

Divergence values were computed using data from the 6 A/B array
Russian ships and from the Vize and Vanguard. These 8 ships used com-
patible systems. The remaining B-scale ships using the Very Low Fre-
quency (VLF) wind measurement system did not provide wind data of suf-
ficient accuracy to compute meaningful divergence values. Thompson
et al. (1978) have also found that the B-array winds yielded poor
budget results during Phase III. The above wind problems necessitated
the computation of budgets for the broader A/B scale array. This is
unfortunate since radar coverage extended only slightly beyond the B-
scale area.

Temperature and moisture data and the u and v components of the
wind from all 12 B and A/B array ships (Fig. 1) were used for each
selected time period. Satellite cloud cover and height estimates were
used with a radiation model to obtain estimates of the A/B scale radia-

tional heating profiles (Cox and Griffith, 1978)

1Center for Experiment Design and Data Analysis.
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1. GATE A/B and B scale arrays for Phase I. The six A/B ships plus
ships at the center and at the northern most position of the
B array (8 total) were used in divergence computations.

Data Analysis

Winds. Divergence at each level was obtained by fitting wind data

the 8 ships (noted above) to a plane by the least squares method

(Panofsky and Brier, 1968; Appendix). Equations 1 and 2 were obtained:

el
[

aix + asy + ag (1)

<l
[}

bix + boy + b3 (2)

Divergence was then computed by Eq. 3:

Each

<l
<l
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I
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|

= aj + by (3)

divergence profile was adjusted by a constant correction factor at



every level to give'E = 0 at 100 mb when Eq. 4 was integrated upward
from the surface. The size of this mass balance correction gave some
indication of the quality of the divergence values, and time periods
with corrections greater than + 4 X 10-6 were omitted. The average

correction was much smaller.

P100
w (p) = - V - v dp (4)

Po

Temperature and Moisture. Analysis of the rawinsonde temperature

data indicated large persistent differences even between different
ships using the same measurement systems (Qoyama and Esbensen, 1977).
The problem was most pronounced in the Russian ships. Therefore, it
was extremely difficult to compare directly measurements from more

than one point in the A/B array. These bias errors overwhelmed the
typically weak tropical temperature gradients. The best way to over-
come this difficulty seems to be the use of deviation fields (Frank,
1978). To obtain vertical profiles of temperature (T) and specific
humidity (q), mean profiles were constructed for each phase using data
from the 5 U.S, ships of the B array (assumed to be the most accurate).
Phase mean profiles were then constructed for each of the 12 individual
ships in the B and A/B arrays. At each level and time period, the
phase mean temperature and specific humidity for a ship were subtracted
from the observed values yielding deviations from the ship phase mean

as in Eqs. 5 and 6.

AT = 2. =T (5)

Ag = q-g¢ (6)



where AT, Aq are deviations from phase means; T, q are observed values
at a single time period, and E;'E are phase mean values for that ship.
The deviations were averaged for all ships reporting in each array to
obtain mean deviations for the B-array and for the A/B-array. The B
and A/B deviations were averaged linearly yielding a mean deviation
value for the A/B-scale. Throughout the remainder of this paper AT and
Aq will refer to the mean deviation values at one level and one time
period averaged over the 2 arrays. By adding the deviation values to
the U.S. phase mean vertical profile, the A/B-scale temperature and
moisture values at each level were obtained at individual time periods.
It was not possible to obtain estimates of mean temperature and
moisture gradients across the A/B-scale using deviation values. There-
fore, the long term mean advections of these quantities do not appear
explicitly in the budgets. It was possible, however, to compute devia-
tion advections. This was done by fitting individual ship deviation T
and q values to a plane to obtain gradients of these quantities (3 AT/
dx, JAT/3y, etc.) as in the divergence computation. The mean wind com-
ponents (G; ;)were combined with these gradients to give the advection

in excess/deficit of the mean advection at each time period.

2.3 Budget Computations
Diagnostic budget analyses of moisture and dry static energy (s)
were performed. Budgets on the momentum/vorticity fields are planned

for the near future. Dry static energy is defined by Eq. 7:

s = CT+gz (7)
P



where C = gpecific heat at constant pressure,
g = gravitational constant, and
z = height. &

The individual time period budget equations are (8, 9):

Lo {08 aatm—tos B0 Lo lo g

. [Bt + Vevq + 5p c (c-e) (8)
P P

s , —— . dsw _ L

at'l‘VVS-l-a—P"— = QR+C (c-e) 9)

where the overbar represents a spacial average of the observations over
the A/B-array, L = latent heat of condensation, c¢ = total condensation,
e = total evaporation and QR = radiative heating rate.

Time Rates of Change. The first terms on the left side of Eqs. 8

and 9 are the time rates of change of q,s. These were determined from
the mean array vertical profiles at the previous and subsequent time
periods. Changes in s were assumed to result only from changes in E;T
due to poor resolution of Ez'at individual time periods. During con-
vective conditions, however, there may have been a sampling problem.
Active convective cloud elements covered only a small fraction of the
array. Since a maximum of 12 soundings were available at any time
period, a representative sampling of the clouds was impossible. This
was further complicated by the instrument problems encountered when
rawinsondes entered intense clouds. Water and freezing problems often
resulted in premature termination of such soundings. In most cases the
soundings probably undersampled clouds. This causes no great problems

in the s budget since the small differences between & (mean outside

clouds) and S. (s in clouds) coupled with the small area coverage of



active buoyant updrafts permit the accurate approximation:

(10)

o |
P
m’

In the q budget undersampling or missampling are more important. Differ-
ences between environmental (§) and cloud (qc) moisture values are high
even in the numerous weak and small clouds and could lead to inaccuracies
in observed values of aEYat. The possibility that the storage of water
vapor in clouds is not measured properly is discussed later.

Horizontal Fluxes. The second terms on the left side of Eqs. 8§ and

9 are the horizontal flux convergence of q and s. No attempt was made
to resolve spacial eddy fluxes (deviations from the areal mean fluxes).

These terms were broken down into advective and convergent terms, e.g.:

Vevg 3 q Vev + v <Vq (11)
(1) (2)

Term (1) is simply the mean divergence multiplied by the mean values of
q at each level. Term (2) is obtained from applying the mean u and v
wind components to the A/B-scale eddy gradients of moisture as discussed
in the previous section. Since deviation q values (Aq) were used, there
is a missing component -~ the time and space averaged advection for the

A/B-array; i.e.:

vevqg = v-V[q] + v-V(AqQ) (12)
(a) (b)
where [q] is the phase mean average moisture. Only term (b) is measured

here.



Surface Fluxes. The third terms on the left side of Egqs. 8 and 9

are the vertical flux terms. Since the budget will be integrated from
the surface to 100 mb (where w = 0), these terms are merely the sea
surface to air fluxes of q and s (EO and So’ respectively). These fluxes

are taken from the bulk aerodynamic formulae:

=

1]
o7
Q
<l
a

e qo) (13)

195]
]

o Py Cg V, (T - T) (14)
where qs, TS are values for the ocean surface and qy» TO, go are values
at 10 m elevation. The coefficients used are CE = 1.6 x lO_3 and CS =
1.4 % 10_3 (Businger and Seguin, 1977).

Radiation. The radiation term in Eq. 9 (QR) was obtained from
computations of Cox and Griffith (1978) for Phase III. Mean Phase III
QR values for each time of day were computed for disturbed and undisturbed
conditions and applied to Phases I and II according to the estimated
rainfall at each time period. As will be shown, the net tropospheric
radiational heating at a given time of day varied only weakly with the
intensity of the convection.

Condensation. The remaining terms of Eqs. 8 and 9 are the net con-

densation warming E%— ¢ (c-e)] terms which are found as a residual.

P
These are compared with radar precipitation estimates for the GATE master
array made by Hudlow (1978). The master array is a circle of approximately

204 km radius in the center of the A/B-array. It is slightly larger

than the B-scale area and covers about 25% of the A/B-scale area.



3. BUDGET RESULTS

3.1 Phase Mean Budgets

The averaged budgets for each phase are presented first to illustrate
the mean conditions during GATE. Tables 1-3 show the mean q and s budgets
for Phases I - III and the extreme variations of each term at individual
time periods. Units are °c d—l where 1°C d“l averaged through a 1012
mb to 100 mb layer is equivalent to 0.374 g c:m_zd"l of water vapor.
Averaged over an entire phase, the water budget is primarily a balance
between large scale moisture convergence, surface evaporation, and con-
densation. There is some deviation dry advection in every phase (-.22

to —.440C d_l), while the storage term (%— %% ) is very small. About
20-30% of the GATE A/B-scale precipitation results from surface evapora-
tion within the array. The phase mean s budgets show a balance between
mean convergence of s, radiation and condensation, with the storage,
advection and surface flux terms being 1 or 2 orders of magnitude
smaller.

The picture is quite different at individual time periods. While
the convergence and condensation are usually the largest terms, the
storage and advective terms vary rapidly and are often important at
individual time periods. The magnitudes of their largest variations can
be seen in Tables 1-3. 1In contrast, the surface flux terms (EO, SO)
change rather slowly with modest amplitudes. The radiational heating
term exhibits a marked diurnal variation which accounts for virtually
all of the range shown in Tables 1-3. This will be discussed later.

Table 4 compares the diagnosed net condensation values from the

q and s budgets (C(q) and C(s) respectively) to radar-determined



TABLE 1

Phase I Mean A/B-Scale Moisture and Dry Static Energleudgets
(Vertically integrated, surface - 100 mb (OC d )
Each Term is Written Such That a Positive Number Corresponds to
Positive Condensation From Eqs. 8 and 9.

a s
Mean Individual Mean Individual
Period Period
Range Range
- gi' %% .03 -8.26 to %%- 0 +2.40 to
P 5457 -1.88
- C—L— q V- 3.48 14.00 to | s V- 2.88 14.43 to
P -3.71 -5.57
< EL—V . ¥V (2q) ~.24 +1.49 to | V-V (as)  -.03 ~1.14 to
P -2.69 1.33
EO .94 +1.79 to —So -.10 -.27 to
+.48 -, 02
.16 to
O 1.16 1.81
L
g (c-e) 4yl - 3.91
P C
2 =1 £ 2 =1
(vapor equivalent) (.57 gem ~ d ) (vapor equi- (1.46 g cm = d )

valent)

0T
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TABLE 4

Net Condensation for the GATE A/B-Scale Determined From o4 and S Budgets,and From Radar Rainfall for
Master Array. (°c/d) (1°C/d = .37 g em < d™ 7).

g--budget s-budget Master
L (c-e) L (c-e) Array P (R)
el T Radar L
P p Rainfall (x a )
Hudlow,1978 P
Phase I 4.29 ' 3.91 2.97
% %
Phase 1II 3,01 2.47 2.23
Phase III 3.62 3.26 3.01
Mean 3.64 3.21 2.74

2 -1

P96 g et 43 €120 g &n = 40 (1402 ¢ e 0

* .
Three days of rainfall data from 21 GMT 30 Jul 74 through 18 GMT 2 Aug 74 were omittedsince the
radar was inoperative during that period.

€T
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rainfall (P(R)) for the GATE master array (Hudlow, 1978). In each phase
the q budget rate exceeded the s budget, and both budgets exceeded the
radar estimate. For phase averaged budgets the storage of water vapor,
liquid water or warm air, in or out of clouds, cannot explain the dis-
crepancy between the budget rainfall rates. It is also unlikely that the
surface flux term is responsible. The surface flux computations are in
good agreement with the results of small scale studies of the GATE
boundary layer summarized by Businger and Seguin (1977). Surface fluxes
of vapor would have had to be estimated about 40 percent too large to
explain these s-q differences. The QR values for Phase III obtained by
Cox and Griffith (1978) should likely be adequate for the other phases.
Since the Cox and Griffith model-determined net tropospheric radiational
heating for the whole A/B-area varied little with changes in convection
or synoptic condition during Phase III, it is assumed that the QR values
for Phases I and II also did not show large variation with convective
state and can also be used during these phases.

The exact source of the gq-s budget condensation differences cannot
be determined with certainity. These differences would be resolved if
the inward vapor fluxes could be reduced by 15 percent or if cooling
were -1.56°C/d rather than the value of -1.16°C/d (from Cox and Griffith)
which was used. But this discrepancy in calculated vs. estimated (Cox
and Griffith) radiation appears too large. Can this radiational cooling
estimate be 30% too low? These s—q budget differences may result from
a 15 percent overestimate of the inward vapor transport of the g-budget.
Although the same divergence profiles were used in both s and g budgets,
systematic inaccuracies may exist in either the upper or lower tropo-

spheric divergence profiles and one or both divergence calculations



15

could be slightly in error. However, there is no reason to expect
systematic divergence errors. Small scale spatial eddy fluxes were
neglected, but horizontal eddy transports of water vapor and static
energy are usually small in the tropics, even in intense tropical
cyclones at radii similar to the A/B-scale (Frank, 1977b). The most
likely source of s—-q budget error (assuming the Cox and Griffith radia-
tion values are correct) is in the advection terms which omitted the
time averaged mean advection. Horizontal temperature gradients are
generally weak in the tropics, but moisture gradients in the vicinity
of the Inter Tropical Convergence Zone (ITCZ) may be significant. The
deviation advection values of Tables 1-3 show a degree of dry advection
into the A/B-area while temperature advection was comparatively weak.
This suggests that there may have been a small amount of long term ad-
vection of dry air into the GATE region as well.

Most of the deviation dry air advection occurs between 600-800 mb
and is associated with the middle level jet coming off of Africa (Fig.
2). It should not be surprising if the prevailing easterly flow in that
layer averaged for a phase also acted to dry the GATE A/B-area. Such a
small mean advection drying requires that the USSR eastern and western
ship data have some systematic error because this affect cannot be
directly calculated.

The precipitation values derived from the s and q budgets agree
rather well. Each approach has its advantages. The s budget has only
a slight storage sampling problem, and variations in the sea surface to
air flux are insignificant. The q budget is less sensitive to upper
level wind measurements and requires no QR estimate.

The Hudlow (1978) A/B-array combined radar-satellite rain estimates
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of 1.02 cm/d (1.08, .86 and 1.12 by phase) require (using the s budget)
a tropospheric radiational cooling of only about 0.5°C/d which is more

than 50% lower than Cox and Griffith radiation estimates and only one-

third as much as the combined s and g budget estimates. These combined
radar-satellite estimates are considered tc be much too low.

300
400

500

P (mb)

600

700

800

900

L 1 I I 1 1 Sfc
-l2 -10 -08 -06 -04 -02 0

=L .9(aq) Ccrd)
Cp

Fig. 2. Advection of moisture for the A/B-area computed using deviation
moisture values (Aq).

3.2 1Individual Eime Period Budgets

s Budget and q Budget Condensation. Comparisons of individual

time period condensation rates derived from the s and q budgets are
shown in Figs. 3-5. Except for the small differences in the overall
phase mean values, the two curves agree very well. The condensation
estimates for individual convective disturbances are very nearly in

phase indicating that undersampling of the cloud water vapor storage is

g
not a significant problem in analyses on the A/B-scale. If SEE- were

large, the s budget condensation would be expected to lag the q budget

curve noticeably, but the observed lag is very small and can be detected

only in averaged data.
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s Budget vs. Radar Rainfall. Table 4 showed that the s budget net

condensation rate exceeded the radar rainfall rate in all three phases
by an average of .47°C d_l (.18 g/cmzd) or about 15%. Comparison of the
two figures is hampered by the fact that the radar sampled only about
the center 25% of the A/B-array. Nevertheless, combined satellite and
radar rainfall estimates indicate that mean precipitation rates in the
B-scale and master array areas were higher than rates for the entire
A/B-area (Hudlow, 1978). There is clearly a discrepancy. Figures 6-8
compare s budget condensation with master array rainfall estimates. Two
features are obvious:
1) During ?ery disturbed or high rainfall periods the total
episode rainfalls estimated by the s budget and by the radar

are comparable but a significant lag is observed.

2) During periods of light to moderate rainfall the s budget con-
sistently predicts more rainfall than does the radar.

Based on the results of Tables 1-4 and Figs. 3-8, it is concluded
that the radar rainfall estimates are too low during periods of light
to moderate rainfall (O—SOC d_l). This may result from incorrect Z-R
ratios applied to low radar reflectivity values. There are noticeable
differences between Z-R ratios for GATE derived by different groups
(Cunning and Sax, 1977). This does not mean to imply that the s budget
analyses are free from error. There could be unknown problems with the
s divergence term (the remaining terms are too small or well known when
averaged over a phase to contain errors large enough to explain the mean
s budget and radar differences). However, in the absence of any known

biases in the A/B-array wind measurements, the budget rainfall values

appear to offer the best estimate of the true GATE A/B-scale rainfall.
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3.3 Lag Between Budget Condensation and Radar Rainfall

Figures 6-8 show that during most disturbed periods with deep con-
vection the radar precipitation lagged the s budget condensation. Table
5 shows the lag between the peak budget condensation and the peak radar
rainfall for the 10 distinct rainfall episodes with maximum rainfall/
condensation rates Z_7OC d_l (2.6 g cm'-2 d-l). The peak is defined as
the time at which the rainfall reached either its maximum value or the
beginning of a '"steady" plateau. Also shown is the lag between the
times when the increasing rainfall/condensation rate first exceeded
5°¢ d_l (1.9 ¢ cm_2 d—l). This value was selected to provide comparable
points during the system intensifications. It must be noted that s
budget computations were made at 3 or 6-hour intervals restricting the
time resolution in individual cases. Radar rainfall data are hourly averages.

The data show considerable scatter but indicate a lag on the order
of 4~6 hours. The only case without a peak lag of at least 3 hours is
day 224 (12 Aug 74), and this may be due to an inability to resolve the
time of maximum condensation accurately (Fig. 7).

There are several possible hypotheses to explain the budget/radar

time lag:

1) The s budget computations are in error and diagnose the rainfall
peak too early.

2) The radar rainfall underestimated rain in the growing stages and
overestimated rain in the latter stages of convective system
development.

3) There was significant storage of liquid water (q,) so that the
condensation rate of the s budget does not coincide with the
true precipitation rate.

4) There was an area sampling problem, i.e. -~ rainfall within the
radar coverage of the master array occurred later than the mean
rain for the entire A/B-array.
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TABLE 5

Lag Time Between s -~Budget A/B-Scale Condensation and Master Array
Radar-Observed Precipitation

(1) (2)
Day Time of Radar Rainfall Maximum Peak Lag 5% d_lThreshold Lag
(Hour Ending) (Hours) (Hours)
183 15 GMT 9 3
188 17 8 8
194 20 3 7
222 10 4 0
224 12 -3% 4
245 18 9 7
247 23 12 9
255 16 7 2
256 L7 5 3
259 6 3 =L
Mean 57 4.2

(1) Time at which s-budget condensation reached peak or plateau minus
time of radar rainfall peak/plateau.

(2) T%me gi which the increasing s-budget condensation rate exceeded
5°C d ~ minus similar time for radar rainfall. (Comparison of
similar points during the indicated growth phase of the system).

P g 1,9 glem © &

*s-budget peak is broad and poorly defined.
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Explanation #1 must be rejected out of hand since there is no reason
to expect systematic lag errors in the rawinsonde or radiation data.
Cloud storage of s, even if unsampled, is at least 1-2 orders of magni-
tude too small to cause a significant lag in the first term of Eq. 9.

The other terms are all based upon measurements at a single time period
and hence do not have time resolution problems.

It has already been shown that radar rainfall estimates are proba-
bly too low during relatively light rainfall. Thus, it would be rea-
sonable to assume that radar underestimates rain during the buildup of
a strong convective cloud cluster or squall line. The GATE A/B-area
was less unstable than most tropical oceanic regimes, and there was a
considerable time between the first formation of precipitating convective
lines and the time of maximum cumulonimbus height and activity. This
might explain the right hand column of Table 5 showing the difference
between the budget/radar estimates of the time when condensation/rain-
fall exceeded SOC d_l during the indicated convective system growth
phase. It is harder, however, to explain the lag between the times of
peak convection. This would require a significant overestimate of pre-
cipitation by radar during the latter stages of GATE convective system
life cycles. If true, as the convective lines became concentrated into
fewer but more intense Cb systems, the overall A/B-scale rainfall must
have decreased while the strong echo rainfall continued to increase. Thus,
for hypothesis #2 to be valid, the Z-R relationships used by Hudlow would
have to be altered to increase precipitation for low reflectivities and
decrease rainfall for higher reflectivities. Cunning and Sax (1977)

suggested that the Z-R relationships for GATE used by Austin et al. (1976)
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and Hudlow (1978) should be altered in the above sense, though their
modifications do not seem large enough to bring the radar rainfall into
line with the s-budget condensation.

The mean storage of liquid water in the GATE A/B-area (hypothesis
#3) cannot be measured directly with conventional data. During the
transition from undisturbed conditions to a deep convective situation
there is a considerable increase in the amount of cloud water in the
atmosphere, and there is a corresponding decrease during the decay of
the system. The storage of liquid water is the difference between s
budget condensation and s budget precipitation. The condensation from
Eq. 9 may be written:

aqz

(c-e) = P(s) + T (15)

where P(s) is the precipitation estimated from the s budget. During

aq
the growth stage of a convective system §€&- is positive and P(s) <
(c-e) while the reverse is true during the latter portions of the life
3q
cycle. Hence, inclusion of SE&- in Eq. 9 should introduce a lag between

the condensation and precipitation curves with the former preceeding
9q

the latter. Total rainfall would not be affected since 52&- is nearly
zero when averaged over a complete system life cycle.

There is no question that storage of q, acts in the right sense to
explain the s-budget/radar rainfall lag. However, there is considerable
doubt as to whether the storage could be large enough to explain phase
differences of the observed magnitudes. Grody (1976) using microwave

=2
satellite data found maximum liquid water contents of only 0.1-0.2 g cm

averaged over the central regions of a mature tropical cyclone - a much
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stronger convective system than GATE cloud clusters. Tropical cyclones
in the Western North Pacific and the West Indies average about 9 cm d“l
of rainfall over their inner 220 km radius (Frank, 1977a; Miller, 1958).
The liquid water content of the GATE A/B-scale area (about 400 km radius)
probably did not exceed 0.1 g cm_z. Only about 5% of a tropical cloud
cluster is covered by active deep convection (Ruprecht and Gray, 1976;
Lopez, 1973). If an equal area were covered by non-precipitating clouds,
the average cloud height was 500 mb, and mean cloud liquid water content
was 2 g m-3, then the mean liquid water content of the atmosphere would
be 0.1 g cm-z. This is a rather generous estimate of atmospheric water
content.

It is difficult to estimate the liquid water storage over the GATE
A/B-area due to the limited area coverage of the radar. Rainfall is
highly concentrated in tropical weather systems, and the master array
could be receiving substantially more or less mean rainfall than the
larger A/B-array at any given time period. Nevertheless, for 9 of the
10 rainfall systems listed in Table 5 the s-budget condensation and
radar rainfall rates had comparable peak values suggesting that the
mean master array precipitation for the 9 cases should be representative
of the A/B-array mean rainfall. These cases are listed in Table 6 with
the total amounts of liquid water storage required (to explain the lag)
from the time the s-budget condensation exceeded SOC d—l(1.9 g cm—zd-l)
until that curve intersected the radar estimate. Storage prior to the
5% d—1 level was omitted to eliminate the presumed underestimate by the

radar at lower precipitation levels, and it has been assumed here that the

radar rainfall -is accurate above that level and representative of the A/B-area.
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TABLE 6

Storage of liquid water during convective build-up required to bring
s budget condensation and radar rainfall into phase.

Required Storage Of

Days Interval Liquid Water
( 50;2 )
182-183 18GMT(182)~-11GMT (183) 0.4
188 04-12GMT 0.5
194 08-19GMT 0.5
224 * 0 or slightly
negative
245 05-13GMT 0.7
247 06-17GMT ’ 0.4
255 08-12GMT 0.2
256 09-17GMT 0.4
259 0
Mean 0.34

*s budget peak hard to specify

(Day 222 from Table 5 is omitted since the peak rainfall values were
much different for the two estimates).

The mean liquid water storage for the 9 cases was 0.34 g cm_z, and
the mean for the 7 cases with distinct phase lags (days 224 and 259
omitted) was 0.44 g cm_z. These values are too large to be realistic.
It is concluded that while liquid water storage contributed to the lag
between C(s) and P(R), it .could not have been the primary cause. In-

3q
troduction of accurate — values in Eq. 9 would reduce the observed

ot
phase lag by no more than 20-30%.
The difference between the sampling areas of the radar and the
budget analyses introduces the possibility that perhaps there was a

real time lag between convection over the entire A/B-array and convec-

tion in the master array (hypothesis #4). Satellite data analyzed by
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McGarry and Reed (1978) appeared to show a tendency for the time of
maximum convection to become later as one procedded west from the coast
of Africa. Such a tendency, if coupled with a strong east-west gradient
in amount of precipitation (maximum to the east) could result in the ob-
served effect. During Phase I and II of GATE the radar did indicate
stronger convection on the east side of the master array than on the
west side (Hudlow and Marks, 1977). Phase III precipitation had a slight
west side predominance. The strongest east side maximum occurred during
Phase I. However, longitudinal analysis of master array radar rainfall
for Phase I does not show a phase shift across the v 400 km area (Figs.
e

9-10). This indicates that a true lag in rainfall between the A/B-area

and the master array located at its center is unlikely.

3.4 Summary

There was a definite lag of several hours between s (and q) budget
condensation and radar-observed rainfall. Part of this resulted
from the storage of liquid water in clouds, but another greater process
must also be operating to explain the lag. A true rainfall lag between
the master and A/B-arrays is not indicated by the data, but this cannot
be ruled out completely since we do not know the radar rainfall outside
the master array.

By process of elimination, suspicion is cast upon the radar rain-
fall estimates. It is likely that underestimates of true precipitation
by the radar during small cloud precipitation occurrances resulted in
at least part of the C(s)/P(R) lag during early system growth. To
explain the peak lag phenomenon, however, the radar would also have had

to overestimate rain from larger clouds. A shift in the Z-R relationship
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would be required with increases in rainfall for low reflectivities and
corresponding reductions in rainfall for high reflectivities. It is
suggested that research into GATE Z-R relationships be continued util-

izing diagnostic budget analyses for better ground truth estimates.

3.5 Budget Condensation and Large Scale Vertical Motion

Analysis of A/B-scale GATE convective systems has shown that low
level convergence increased prior to noticeable increases in the B-scale
radar echo population. This lag between large scale forcing and pre-
cipitating cloud response was typically on the order of 3-6 hours (Frank,
1978; Ogura et al., 1977) and has also been observed in middle latitude
convective systems (Ogura, 1975).

It is unlikely that gradual moistening of the entire A/B-scale
was responsible for the above lag (Frank, 1978). The GATE A/B-area remained
very moist even during strongly suppressed conditions. The maximum
variations in A/B-area precipitable water during each phase are shown

in Table 7.

TABLE 7

Maximum, Minimum and Mean Observed A/B-area Precipitable Water During

Each Phase (g cm—z)

Phase I Phase II Phase III
Maximum 5.55 5.82 5.64
Minimum 4.48 4.34 4,63

—— — —_—

Mean 5.16 5.16 Sie 1.3
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Despite variations in the mean state from heavily precipitating
to suppressed with mean subsidence, the A/B-area moisture varied only
about + 11%. It follows that GATE weather systems were quite efficient
at converting converged moisture into precipitation. The near comstancy
of the A/B-scale moisture argues strongly against any theory calling
for convective development as a consequence of increased moistening of
the middle levels on that scale.

Figures 11-13 show the large scale vertical motion at 800 mb (ap-
proximate top of the A/B-area inflow layer), the s budget condensation
and the radar rainfall. Condensation does not lag the low level upward
motion within the time resolution of the data. When an increase in low
level mass and moisture convergence occurs, clouds form rapidly. Some
of the clouds are undoubtedly precipitating but are undetected or under-
estimated by the radar. Many observers have remarked that frequent
rainfall occurred from clouds with tops of only 4-5,000 ft during GATE.
The lag between the convergence and echo growth must result from the time
required to organize the small clouds into larger precipitating ones
with distinct echoes.

It is not accidental that the lag between low level convergence and
deep echo growth is about the same as the lag between s budget condensa-
tion and radar rainfall. What is being observed is a characteristic
growth time of deep mesoscale convective systems. Small clouds moisten
the middle levels and enhance instability in local Cb scale areas there-
by encouraging the growth of deeper clouds. The lag between the large
scale forcing (and condensation) and the formation of concentrated strong
echo regions is the time between the onset of unstable synoptic scale
uplifting and the establishment of a ''steady' ensemble of mesoscale

systems. This is an area deserving future research effort.
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Figures 11-13 also show w at 400 mb. Both composite (Frank, 1978)
and case studies (Ogura et al., 1977) have shown that GATE convective
systems tend to be preceded by upper tropospheric subsidence. It is
interesting to note that at least some subsidence occurs at 400 mb on
the day prior to each of the convective episodes of Table 5. It is not
yet clear whether this subsidence plays any role in the formation of
the system which follows.

The vertical motion curves at 400 mb tend to confirm the previous
reports of the upper level peaks in upward'a lagging the lower level peaks
(Reed et al., 1977; Frank, 1978) although this is not true in all cases.
At some time periods there are substantial upward motions at 400 mb with
mean subsidence at 800 mb, invariably occurring during the decaying

stages of convective systems when downdrafts are strong.
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4. TROPOSPHERIC WARMING BY CLOUDS AND RADTIATION

It has long been known that the release of latent heat in convective
clouds in a major component of the global tropospheric energy balance.
It would be extremely convenient if one could merely observe or predict
a cloud population, determine the vertical distribution of latent heat
release from a simple cloud model, and apply that heating directly to
the atmosphere at the proper levels. This works on a global scale.
More recently, however, it has become clear that most of the net latent
heat release in a convective cloud is transformed into potential energy
within the cloud. The temperature increase of the bulk of the air be-
tween the clouds depends upon complex and scale dependent interactions
between the clouds and their environments (Gray, 1973; Lopez, 1973:
Yanai et al., 1973; Grube, 1978).

A major objective of GATE was to determine the modes and scales
of cloud and larger scale interactions. This section examines certain
mean responses of the GATE A/B-scale area to latent heat release in
cumulus clouds and to radiational heating.

Figures 14-16 compare the following parameters for Phases I-III:
vertically integrated temperature and moisture deviations (Kf, ZE)
deviation temperatures at the 700 mb and 300 mb levels, s—budget con-
densation and master array radar precipitation. Looking at the verti-
cally integrated temperature deviations, it is immediately apparent that
the temperature of the troposphere (surface to 100 mb) has a strong
diurnally varying component. No obvious relationship exists between
the rate of latent heat release and atmospheric temperature. Table 8
shows correlation coefficients relating dAT/dt with Q> P(R) and

C(¢). Changes in the mean tropospheric temperature were significantly
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TABLE 8
Correlation coefficients (r) relating net tropospheric temperature change
(9AT/3t) with radiational heating (QR), s-budget condemsation (C(s)), and
radar precipitation (P(R)).

Standard Deviation for an Uncorrelated Sample (or)=.07

r [9AT/d¢t, QR] = 57
r [aaT/8t,C(S)] = .17
r [3AT/3t,P(R)] = -.12

correlated with radiational heating but were only weakly related to
s—-budget condensation. Radar precipitation was negatively correlated
with 3AT/3t.

Tropospheric temperature changes were dominated by variations in
radiational heating. The variations in net tropospheric A/B-scale QR
were dominated by the diurnal solar cycle rather than by variations in
atmospheric structure or cloud population. This is shown in Fig. 17
which shows daytime (06-12 and 12-18 local time - LT averages) and night-
time (00-06 and 18-00 LT averages) radiational heating for 6-hour inter-
vals vs. radar rainfall for the B-array. During the day there was no
discernable variation in net QR with rainfall while at night the net
cooling decreased only slightly with rainfall rate. Accepting the Cox and
Griffith (1978) radiation data as correct, there are two reasons for this:

1) The moisture content of the GATE A/B-area atmosphere was very
steady despite large variations in convective activity (see
Table 7).

2) TUpper level layer clouds, which are the primary modulators
of radiational heating (the sun excepted) tend to redistribute
Qr in the vertical without greatly affecting the vertically
integrated value. This is seen in Figs. 18 and 19 which show
day and night A/B area Qg profiles for the most convectively
enhanced and suppressed intervals in Phase III. It is important
to realize that the diurnal temperature cycle, while ultimately
forced by radiation, is very complex and involves processes

occurring on much larger scales than those studied here (Foltz,
1976; Gray and Jacobson, 1977).
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are averaged for 6-h time periods (from Cox and Griffith, 1978).

The diurnal cycle of QR is further illustrated by the regularity
with which the daily minima in AT occurred near 0600 GMT (about 0430
local time - LT) as shown in Table 9. For the 53 days with temperatures
recorded at all four even time periocds, 43 days (or 817%) experienced
the lowest temperatures at 06 GMT and another 6 days (11%) showed night-
time minima at 00 GMT (2230 LT).

If precipitation was randomly distributed throughout the day, the weak
correlation between 9AT/dt and c(s) (Table 8) would suggest that convec-
tive latent heat release slightly warms the troposphere on the A/B-scale.
However, both budget and radar condensation/rainfall estimates show diurnal

variations with daytime maxima (Fig. 20). C(s) was maximum from 9-12Z

(v 9 LT) when the atmospheric temperature was rapidly increasing during both
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TABLE 9

Distribution of times of daily minimum mean tropospheric temperatures
(day is 00-23 GMT) using data at 6-~hour intervals.

Time: 00 GMT 06 GMT 12 GMT 18 GMT TOTAL

No. Days: 6 43 3 2 53

D

(61]

L L o
¢, ClSh g PR) (°C d)
— N

03 06 09 12 15 I8 2l 00
GMT

L 1 L J

o0
®)

Fig. 20. Diurnal variations in C(s) (s-budget condensation) and P
(master array radar rainfall) averaged for all phases.

convectively enhanced and suppressed periods. P(R) peaked during the
afternoon hours near the time of daily maximum temperature. Both quanti-
ties are positively correlated with QR' The small correlations between
éKT]at and C(s),P(R) are not meaningful by themselves since latent heat-
ing effects were obscured by the larger diurnal temperature variation

induced by radiational heating.
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While net condensation warming of the tropical troposphere on the
A/B-scale was apparently smaller than the warming which occurred due to
the mean diurnal variations, latent heating may have enhanced the diver-~
gence/vertical motion patterns on that scale by heating at upper levels
and cooling the lower troposphere. Riehl (1948, 1954, 1969), Williams
and Gray (1973) and Ruprecht and Gray (1976) have noted that tropical
cloud clusters are warm core at upper levels and very weakly cold core
in the lower troposphere. Reed and Recker (1971) and Reed et al. (1977)
have noted a similar thermal structure in easterly wave troughs, and
Frank (1978) showed upper level warming and lower level cooling during
the development of GATE convective systems. Observational studies of
cloud cluster to tropical cyclone transformation show that the tempera-
ture increase is strongest from about 200-400 mb (Yanai, 1961; Zehr, 1976).
However, the profiles of Figs. 18-19 indicate that the upper levels of
convective regions radiatively cool relative to surrounding suppressed
areas while the lower layers of a cluster relatively warm. Hence, radia-
tion alone would tend to induce a system with a cold core aloft and a
warm core in the lower to middle troposphere.

Numerous cumulus parameterization schemes which have been devised
lead to tropospheric warming in the presence of net condensation with
a maximum effect in the upper troposphere. In general, these schemes
have neglected or oversimplified radiational heating as a second
order term due to the larger magnitude of total latent heat release.
Alternatively, one may assume that latent heating is confined to
relatively small and insulated "hot towers' (after Riehl and Malkus,
1958) which relegates this energy source to providing lift to low level

air. The heating of the 95% of the air outside the updrafts could be
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dominated by radiational effects. Gray and Jacobson (1977) have
suggested that cloud/cloud free radiational differences are important
for cloud cluster maintenance. They hypothesize that the horizontal
pressure gradients which drive the circulation are dominated by differ-
ential radiational heating effects between cirrus covered and relatively
clear areas. Recent modelling results by Fingerhut (1978) and observa-
tional studies by Dewart (1978) and McBride and Gray (1978) support this
argument.

Temporal variations of AT at 300 and 700 mb are shown in Figs. 14-
16. Both levels showed strong diurnal variations with minimum tempera-
ture occurring near 06 GMT and maxima generally in the afternoon. There
also is strong tendency for the temperatures at the two levels to be out
of phase with each other over periods of a few days, but this time scale
is much too long to be associated with individual convective systems.
It is not visually obvious whether or not temperatures at these levels
were related to the latent heat release.

Correlation coefficients relating temperature changes at 300 and
700 mb to s-budget condensation, radar rainfall and net tropospheric
radiational heating were determined for Phase IIT and are shown in Table
10. At both levels the temperature changes were significantly correla-
ted with 6;. There was also a significant correlation between s-budget
condensation and 9AT/3t(300)mb although it was not as strong as the
dAT/3t (300 mb) vs.'ag correlation. On the other hand, P(R) showed no
significant correlation with J3AT/dt at either level, and 3AT/3t (700 mb)
was only weakly related to C(s).

Table 10 seems to indicate that the tropospheric temperature is much

more directly related to radiation than to condensation. If it is hypothesized

that convective heat.release tends toc warm the upper levels and cool the
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5. CONVERGENCE VS. VORTICITY IN THE BOUNDARY LAYER

After the famous CISK (Conditional Instability of the Second Kind),
papers of Charney and Eliassen (1964), Ooyama (1964) and Ogura (1964),
it became fashionable to ascribe mass inflow into tropical convective
systems to the influences of low level friction. Documentation of sub-
stantial middle tropospheric inflow into cloud clusters (Williams, 1970;
Williams and Gray, 1973), easterly wave troughs (Reed and Recker, 1971),
and even tropical cyclones (Frank, 1977a) indicated that the radial mass
fluxes found in these systems greatly exceed those which could be driven
by surface friction alone. While upward extension of friction through
cumulus momentum transports undoubtedly contributes to middle level
inflow in some systems (Frank, 1977b; Stevens et al., 1977), it is
becoming increasingly apparent that the role of frictionally induced
convergence into tropical weather systems has been greatly exaggerated.
Gray (1978 )estimated that surface friction accounted for only a small
part of the surface to 900 mb convergence in West Pacific cloud clusters.

It can be shown that the area averaged frictionally induced con-
vergence in the planetary boundary layer is related to the mean vorticity
at the top of the boundary layer averaged over the area (Gray, 1972;
Zehr, 1976). That is:

[Vv] = -®X or
(16)

[vr] T ~(K) Vo

where the brackets denote averages from the surface to the top of the

frictional boundary layer (usually about 900 mb) and X (vorticity) and
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VT (tangential wind) are at the top of the boundary layer. K is a
constant.

Based on a statistical treatment of winds over the tropical oceans,
Gray (1972) has shown that K & 0.1 for winds in the 0-10 m/s regime.

Therefore, frictional conmvergence occurs only when V., > 0, and one

T
would expect the frictional convergence in a relatively weak tropical
system to be substantially smaller than the vorticity.

Figures 21-23 compare the A/B-scale vertical motion (w) with the
tangential winds at 900 mb. The vertical motion reflects the vertically
integrated divergence from the surface to 900 mb and is plotted so that
upward vertical motion and positive cyclonic vorticity have the same
sign. An upward motion of 45 mb d_l corresponds to about 1 m s-1 of
mean radial inflow (V;).

The most striking feature of Figs. 21-23 is the independence of the
two parameters. Upward vertical motion at 900 mb occurred most of
the time during GATE, yet the low level vorticity was often weak or
negative. There was no correlation between the magnitudes of VT(900)
and w(900). During periods of strong upward motion, the air went up
without any obvious support from the vorticity field, and occasionally
weak subsidence coincided with positive vorticity.

The relative unimportance of frictional convergence during GATE is
further illustrated by Figs. 24-26. Comparison of the radial and
tangential wind components at 950 mb shows that the mean A/B-scale
divergence and vorticity fields were of similar magnitudes and were
poorly related at individual time periods (there was typically very
little change in VT between 900 and 950 mb). It is obvious that fric-

tional processes must have played an insignificant role even within the
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boundary layer. The A/B-area divergence profile must respond to other
(non-frictional) imbalances in the radial pressure/wind fields. The
most probable source would seem to be the slow geostrophic adjustment
times of the deep tropics. When the radial height gradients change due
to diabatic heating or advective processes, convergence/divergence
rapidly occurs. Due to low values of f, the tangential winds may never
spin up/down enough to achieve balance. McBride and Gray (1978) present
additional discussion of frictional convergence in tropical weather sys-—
tems and the role of radiational forcing in system maintenance. This is

a topic deserving substantial future research.
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6. CONCLUSIONS

GATE rawinsonde data were analyzed to perform diagnostic budget
analyses of moisture and dry static energy for the A/B-scale area.

The results were compared with radar rainfall data for the master array
to examine several aspects of temporal variations of the tropical
atmosphere and of convective/ larger scale interactions. Major findings
were as follows.

GATE A/B-array rawinsonde data are sufficiently accurate to compute
meaningful budgets at individual time periods. The resulting time reso-
lution data will be valuable in many future studies. However, B-array
winds are not accurate enough for quantitative analysis of divergence on
the B-scale, and biases in the temperature data (particularly on the
Russian Ships) limit one to the use of deviation analysis of the tempera-
ture fields.

Mean radar rainfall in all phases is less than net condensation
estimates from the q and s budgets. It is concluded that radar estimates
are too low during periods of light to moderate rainfall.

Radar precipitation lags condensation (and low level vertical
motion) by about 4-6 hours. An incorrect Z-R relationship is the most
likely cause. The current study suggests that rainfall should be in-
creased for low reflectivities and decreased for higher values.

Mean q budget condensation slightly exceeds s-budget condensation.
Since deviation dry advection is significant in all 3 phases, it is
hypothesized that there is mean long-term advection of dry air into the
A/B-area, maximum near the level of the 650 mb jet.

Precipitable water vapor is remarkably constant throughout all 3
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phases. The A/B-scale atmosphere does not store significant quantities
of water vapor during the early stages of convective system development.

Low level vertical motion is in phase with the S and q budget con-
densation rates within the resolution of the data. This means that low
level mass convergence rapidly results in clouds and condensation. Since
liquid water storage is relatively small, precipitation only slightly
lags low level comvergence and condensation. The 3-~6 hour lag between
convergence and echo development observed by Frank (1978) and Ogura et al.
(1977) seems to be associated with the time required to concentrate con-
vection into large echo-producing ensembles.

The temperature of the tropical troposphere responds more strongly
to diurnal radiatiomal forcing than to latent heat release. This is
true at both 300 and 700 mb as well as for the surface to 100 mb layer.
There is evidence that clouds act to warm the upper troposphere and cool
lower levels, but the effects of convection are not large enough to
overcome radiationally induced diurnal temperature changes. Level by
level radiational differences between different regimes on the A/B-scale
are of the same order as warming due to latent heat release despite the
greater total energy involved in convective processes. Both effects
must be included in modelling and analysis of tropical weather systems.

Frictionally forced convergence in the boundary layer is insigni-
ficant during GATE and can be neglected to a reasonable approximation.
Research should focus on relationships between temporal height gradient

changes and their resulting effects upon divergence.
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APPENDIX

Three-Dimensional Regression. The horizontal gradients of u, v,

AT and Aq used in the divergence and advection calculations were
determined by fitting the data to a plane of regression (Panofsky and
Brier, 1968). This plane has a minimum of least squares scatter. For
the divergence computation, wind data from the six A/B-array ships plus
the Vize and the Vanguard (center of array and northernmost B-array
position) were used. These ships all used compatible wind measurement
systems. For the advections of AT and Aq, data from all 12 A/B and B-
array ships were employed.
Example:

An equation for a plane regression is:

u = + +
u a;x +ayy +a

3
du _ _ du _
9% 1° 3y 9
u Fux_ru I‘x
a5 - 0_____JL_15
1 Sy 1-T 2
Xy
s r -r T
a - _u ( uy ux xy )
2 s 1-T 2
4 Xy
where: S s S , S = gtandard deviations
x* Ty’ Tu
2
- u-  —2
(s, = A5 - @)
and: T o By E = correlation coefficients
ux’ uy Xy
(r. = XLZXJ
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