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I. BOMEX PARTICIPANTS INFORMATION EXCHANGE
 

In response to inquiries by the BOMAP Office, the informa­
tion contained in this section has been furnished by BOMEX par­
ticipants. We believe that such information - including notes on
 
results, novel techniques, problems, plans, critiques - will be of
 
interest not only to those directly concerned with BOMEX data but
 
also to the scientific community at large, and we will welcome
 
additional material for publication in future issues. Past summa­
ries of information received from BOMEX participants have been
 
published in BOMEX Bulletin Nos. 6, 8, and 9.
 

EXPERIMENT 4: Water Vapor Flux Transport
 

PRINCIPAL INVESTIGATOR: Dr. Bradford R. Bean
 

AFFILIATION: Environmental Research Laboratories, NOAA
 

Preliminary results of initial analysis of the RFF Gust Probe Experiment
 
are currently being submitted for publication. However, the following more
 
or less summarizes our findings to date:
 

(1) The average evaporation for the several days which we flew was
 
0.5 cm/day.
 

(2) The evaporative flux measurements indicate large variability in
 
time (diurnal and interdiurnal) and space.
 

(3) The pw' spectra of longer runs indicate a compromise of these data
 
by the phugoidal motion of the aircraft. Luckily, the spectra of
 
Pw'w' indicate this compromise only slightly affects the values of
 
flux. We are presently instituting schemes to eliminate phugoidal
 
motion from the pw ' data. This effect will be present in all para­
meters-measured by other aircraft unless specifically removed or
 
accounted for in data reduction.
 

(4) The spectra of flux averaged for several 5-min runs as well as sev­
eral 10-min runs indicate significant differences in scale size when
 
flying along the wind as opposed to flying across the wind.
 

(5) The flux spectra also show a good relationship between the scale
 
size and altitude of measurement.
 

(6) Time series signatures allow us to speculate on a model of the con­
vective element'which is known as a puff under shear.
 



We are concentrating our efforts on a detailed description of th4 convec­
tive element as well as its interaction with larger scale size phenomeiiai:such
 
as roll vortexes, waves, etc.) which our data indicate may be present. --


EXPERIMENT 10: Radon-222 and African Dust in the North Atlantic Trade Winds
 

1 2
 
PRINCIPAL INVESTIGATORS: Dr. Joseph M. Prospero and Dr. Toby N. Carlson
 

AFFILTATION: ISchool of Atmospheric Science, University of Miami, and
2National Hurricane Research Laboratory, NOAA, Miami, Fla.
 

The following is a preliminary and condensed version of a paper by Drs.
 
Prospero and Carlson entitled "The Structure and Dynamics of the African Dust
 
Layer Over the Equatorial Atlantic Ocean During BOMEX." The,article will be
 
submitted for publication at a later date.
 

Introduction
 

Aerosol studies performed at Barbados, West Indies, almost continuously
 
from 1965 to 1969 have shown that large amounts of dust are being transported
 
by air currents from the arid and semiarid stretches of North Africa to the
 
Caribbean during the summer and early fall (Prospero, 1968). Similar studies
 
made at Miami (Prospero and Carlson, 1971) and Bermuda (Bricker and Prospero,
 
1969) indicate that large quantities of this dust are regularly carried into
 
the higher latitudes. Recent work by Prospero and Carlson (1970) and by
 
Prospero et al. (1970) documents the movement of a number of specific dust out­
breaks from Africa; these studies show that, although the measured quantities
 
of airborne dust arriving at Barbados are highly variable from day to day,
 
the dust stream has a coherent structure that is determined by the mixing
 
processes and the peculiarities of air flow over Africa.
 

During BOMEX, we performed a number of experiments in addition to the
 
regular aerosol program which we have carried out on the island for the past
 
several years. Our principal effort-was the measurement of the atmospheric 
concentration of radon-222, a radioactive inert gas (half-life of 3.82 days)
 
produced in the uranium-238 decay series. Atmospheric radon has its source
 
at the ground as is the case with sensible heat and water vapor. In contrast,
 
the emanation rate of radon from the ocean is about a factor of 100 less;
 
consequently, radon is a good tracer for air parcels that have recently been
 
in convective contact with a continental land mass. The radon-222 activity
 
in the atmosphere was measured from two DC-6 aircraft of the National Oceanic
 
and Atmospheric Administration's Research Flight Facility (RFF) (Friedman
 
et al.,1970); approximately 30 flights were made during the three months of
 
BOMEX. A description of the method used in determining the concentration of 
radon-222 - more specifically, the concentration of radon daughter products ­

on board these aircraft has been set forth by Prospero and Carlson (1970). 
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The particular usefulness of radon-222 and dust as tracers of air motions
 
in the tropics can be understood by considering the early history of air
 
streams passing over Africa. As dry, cool air progresses over the arid regions
 
of North Africa, it is subjected to intense heating from below, as a conse­
quence of the large amount of incoming radiation and of the disproportionately
 
large fraction of this energy that is redistributed to the atmosphere in the
 
form of sensible, rather than latent, heat (Carlson and Ludlam, 1968). Within
 
a few days, the air stream becomes completely modified by the dry convection
 
in the mixing layer, and it acquires a unique set of characteristics identify­
ing it as "Saharan" air. Saharan air is recognizable on meteorological sound­
ings made over the interibr of the Sahara as a deep, well-mixed layer of nearly
 
uniform potential temperature and mixing ratio. In July this layer attains
 
its greatest warmth (apotential temperature, 0, of about 430C) and depth
 
(about 15,000 ft) (Carlson and Ludlam, 1968). The top of this mixing layer
 
is capped by an inversion created by the overshooting of dry thermals through
 
the top of the mixing layer. Because of the prolonged mixing, the relative
 
humidity increases with height, attaining a maximum a little below the top of
 
the mixing layer and decreasing sharply above. Despite the incorporation of
 
air with higher potential temperature - and much lower water vapor content ­
from above, the overshooting of dry thermals causes the air at the top to be
 
slightly colder than the surrounding unmodified air; in contrast, the base of
 
the heated layer possesses the greatest anomalous warmth. Depending on the
 
extent of mixing and the moisture available, the mixing layer may become
 
nearly saturated over a thin layer near the top.
 

The amount of dust raised is dependent on soil type and the strength of
 
the wind and low levels (Warn, 1952; Burns, 1961), conditions that vary con­
siderably across the Sahara. One would expect, therefore, that the quantity
 
of dust raised within an air stream about to depart the Sahara would vary
 
markedly from day to day according to the path of the air stream and the
 
meteorological conditions to which it has been subjected.
 

There is much evidence that the unusually large dust loadings measured at
 
Barbados during the summer and early fall are occasionally attributable to
 
dramatic upserges in dust storm activity over the Sahara (e.g., Prospero et al.,
 
1970). Statistics compiled by us show that dust storm activity over the
 
western Sahara appears to increase in response to passing disturbances to the 
south. This result has been recently verified by close examination of ATS-3
 
satellite pictures, which show a discontinuous pattern of stratocumulus and
 
dust moving westward off the African coast between 150 and 250N behind the
 
axis of each successive disturbance. The reason for this is not entirely
 
clear, but we suggest that alternate weakening and strengthening of the pres­
sure gradient occurs with the passage of disturbances. 

Our observations show that the radon and dust are sharply confined below 
the inversion at the top of the African mixing layer (Prospero and Carlson, 
1970). In figure 1, Saharan air is recognizable on the Cape Verde sounding 
as a deep layer of air with an almost constant lapse rate (potential tempera­
ture about 420 C) between 820 and 600 mb. In the bottom 100 mb, the flow is 
approximately parallel to the coastline of Africa except for a marked inland 
component south of about 20'N. The steadiness of this flow precludes the 
possibility that Saharan air reaches Cape Verde except above 100 mb. Indeed, 
it would appear that the Saharan air begins to slide over the northeasterly 
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Figure 1.. 	Tephigran representation of a sounding at Sal Cape Verde Isldds," 
July 22n 1$69, as compaed with a typical Caribbean sounding. 

Solid lines indicate temperature soundings; heavy dashed linen
show dew point (mixing ratio). 



pre-tlade-wind flow even before reaching the coastline. At Cape Verde, the
 

air lying between the base of the inversion and the surface represents a 
transition between maritime air that has not passed over the Sahara and air 
that has resided for some time over arid terrain. The normal radiation and 
convective processes associated with the trade wind moist layer bring about a 
gradual deepening and moistening of the lower layer as the air flows westward 
in the tropics. Until the cumulus convection can penetrate the Saharan air, 
the top of the trade wind moist layer, i.e., the trade wind inversion, remains 
situated at the base of the Saharan air, and deeper convection associated with 
cumulus congestus is stronly suppressed by the stable lid above it. The 
trade wind moist layer (initially low in radon because of its relatively long 
residence time over the North Atlantic) is continually enriched in radon and 
dust by a small amount of penetrative pixing at the base of the Saharan air; 
it is further enriched in dust fallout from the upper layer. 

BGMEX Results
 

A good case study of a dust outbreak is provided by the disturbance that 
passed the Cape Verde Islands just before July 11, 1969; the disturbance is 
clearly visible at 35OW on the satellite photograph in figure 2 as an inverted 
'V' in the ITC cloud pattern. (See Frank, 1969, for a description of the in­
verted 'V'.) To the rear (east) of the wave axis one can see curved bands of 
stratocumulus set against a background of gossamer whiteness, which our obser­
vations repeatedly have shown to be representative of dust or haze. Examina­
tion of a sequential series of satellite photographs reveals the continued 
westward motion of both the wave axis and the curved bands of stratocumulus. 
Close inspection of several similar situations during the summer of 1969 sug­
gests that the disturbance acts as a barrier to the flow at middle levels,
causing the dust stream to curl anticyclonically behind the disturbance. 
Along the African coast, the blocking of the flow by a disturbance tends to 
induce northward flow of dust into midlatitudes (Carlson, 1969 a and b). 

On July 14, 1969, two RFF DC-6 aircraft penetrated this same disturbance,
 
then located near 560W. Although the wave had weakened considerably and the
 
dust was not clearly visible on the satellite photograph, the aircraft obser­
vations showed a moderate increase in haziness and radon activity as the
 
aircraft flew westward across the wave axis at low levels. As the aircraft
 
ascended to 10,000 ft behind the disturbance, the radon activity increased
 
tenfold, reaching a maximum in the region of densest haze; in this region,

the air filters used for the radon measurements attained a deep red-brown
 
color similar to that of dust collected at Barbados. In contrast, no haze
 
was observed west of the disturbance.
 

A comparison of a sounding from the Discoverer made in the dusty air 
behind the wave with the profile made behind the same disturbance at Cape
Verde shows the similarity in the structure of the African layer (fig. 3).

In the absence of convective mixing over the ocean, the cooling that occurred 
in the 4- to 5-days' travel from 220W to 540W represents a net radiational 
deficit (long wave loss less short wave gain) of about O.50C per day. One
 
can further conclude from such reasoning that the rate of vertical motion in
 
the upper part of the Saharan duct was negligible since the upper inversion,
 
a substantial surface, changed altitude by only 20 mb during that period.
 

S
 



Figure 2. 	 ATS-3 satellite photograph showing the axis of the tropical disturbance 
that emerged off the African coast on July 9, 1969, and the leading 
edge of the dust and stratocumulus pulse that followed it. 
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Figure .8. 	Sounding mae azt the DL&oerer, Jul7y 15, "1969, azt 2600 GAT. QTe heavy 
solid and dashed lines show temperature'and dew point (mixing ratio)J, 
respectively, and the thin solid line is part of the Sal temperature 
sounding shown in fig. 1. The wind vectors are shown at the right. 



Deep isentropic layers formed by intense heating over land are character­
ized by relatively high temperatures in their lower portion. In figure 1, the
 
base of the Saharan air at 820 mb was about 7PC warmer than the mean Caribbean
 
sounding at that level, Despite radiational cooling of the Saharan layer, the
 
dusty air continues to be appreciably warmer than its surroundings near 800 mb
 
according to the D-scoverer sounding (fig. 3); it should be noted, however,
 
that the upper portion of-the Saharan air is slightly -cooler than the-ambi ent
 
air.
 

The pair of soundings in figure 4 illustrate the sharp temperature dif­
ferences that can qccur across the front of a dust pulse, On July 18,"1969,
 
the RFP DC-6 39C aircraft ascended to 520 mb in the vicinity of Barbados! and
 
proceeded eastward at that level; during this time the radon concentration
 

remained low and the filters clean. Concurrently, the RFF DC-6 40C asceided 
to 760 mb east of Barbados at point A-A' (temperature and humidity coordin­
ates, respectively) as shown in figure 4 and continued to fly eastward with­
out encountering much change in temperature or humidity; atmospheric condi­
tions were suppressed but no haze was visible. At about longitude 560W0 the 
DC-6 40C aircraft encountered a Very rapid warming and drying,of the ir, as 
it penetrated the dusty airstream; within a very few minutes the temperature 
and humidity had changed to values B and B', respectively, on the:sounding, 
and the air became very hazy with an accompanying large increase in radon
 
concentration. At the same time the 39C, flying above the 40C at 520'yib, 
reported seeing a dense haze layer below although the radoi activity at the
 
upper level remained low. A short time later, the 40C aircraft ascended to
 
670 mb at point C-C' on the sounding; after continuing at this.level for
 
some time, it descended to D-D' and then to E-E'
 

Although the haze top undoubtedly was above 670 mb, the highest level
 
reached by the 40C, the Saharan air is still easily recognizable on the 40C
 
aircraft sounding in figure 4 as an exceedingly wela-mixed-layer whose
 
potential temperature and mixing ratios were uniformly',about Lt
0*C and 
3.6-g/kg, respectively. Radon activity was also uniformly,high between C-C' 
and D-D' although the highest counts were actually experienced near 700 mb'. 
At,point D-D' on the sounding, the temperature of the dust plume was aboui So 
warmer than the air at that same level a little farther tothe west at the 
point of ascent of -the 39C. In crossing the "dust front," the winds recorded
 
on the RFF 40C aircraft changed direction slightly'and increased markedly,
 
We have noted wind speed increases on other occasio -swhen making the transi­
tion from clear to hazy air; we attribute these increases-to the presence of
 
a jet in the upper part of the Saharan layer. 'An example of this is found in
 
the sounding in figure 3 which shows a 45-kt wiid speed maximum at 670 mb.
 
The occurrence of sudden wind increases with the passage of disturbances: in
 
the tropics have long be n 'observed and have,-been referred to as "surges in
 
the trades;" thus, the jet is probably " iegular feature of'these disturbances. 

Conclusion
 

These few examples illustrate the vaiue-Qf tacers such as radon-22 and
 
dust when used in conjunction with the mnoreconventional conservative proper­
ties of potential temperature and water vapor. By this multiple tracer tech­
nique, we expect to obtain a much better understanding of the factors effect­
ing the transport-of African air parcels and dust across the Atlantic.
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Figure 4. Aircraft soundings by DO0-6 3.90 and 400 taircraft east of Barbados3 July 18, "1969, 
at approximately 1200 GMT. Solid lines are temperature and dashed lines dew 
point (mixing ratio). ArroWs indicate continuous aircraft sounding from A-A ' 
to C-C'. Sounding from C-C' to E-E.' was traced during descent of the 400, but 
the part between C-C' and B-B' was identicai on descent and ascent. 
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EXPERIMENT 19: Study of Tropical Weather Systems During Project BOMEX
 

PRINCIPAL INVESTIGATOR: Dr. Mariano A. -Estogue
 

AFFILIATION: University of Miami
 

L.M. Herrera Cantilo and J.J. Fernandez-Partagas of the University of 
Miami are the authors of the following paper, "Analysis of a Tropical
 
Depression Based on Radar Data," which will be submitted for publication soon.
 

The tropical depression of July 26, 1969, was chosen for a detailed study
 
of the horizontal motion field defined by the radar echoes observed by the
 
AN/MPS-34 located on Barbados.
 

Radar data were collected at 2-hour intervals and the resulting motion 
field was read into a grid whose spacing was 6 mi in the N-S and E-W direc­
tions. Vorticity and divergence were computed at each grid point.. This 
process was carried out every 2 hours from 0600 to 1800 GMT. 

A study of the vorticity field did not reveal a continuous displacement
 
of one single center of maximum vorticity during that period. Rather, a
 
succession of maxima intensified and weakened, the predominant one arising
 
progressively further north, and all maxima traveling in the same general
 
direction. This evolution appeared closely related to the divergence field,
 
in that developing centers.of maximum vorticity fell consistently in areas
 
of strong convergence, while decaying centers were found in areas of diver­
gence.
 

The field of echo motion was tested with the vorticity equation by com­
puting the following terms: the local rate of change of the absolute
 
vorticity, its horizontal advection, and the divergence term. The vertical
 
advection, the solenoid, and the twisting and friction terms were lumped into
 
a residual. This residual, far from being always negligible, was found to
 
predominate over the other terms at many grid locations. At most of these,
 
however, strong echoes occurred during at least part of the period considered,
 
suggesting large values of the residual terms in areas of heavy convection.
 

The echo-motion field was compared with the wind field rdported by 
instrumented aircraft. Three aircraft flew through the same area close to 
.1600 GMT: the NCAR Queen Air, at about 150-m altitude, one RFF DC-6 at 
1,500 m, and the RFF DC-4 at 3,000 m. A modest statistical comparison showed
 
that the DC-4 wind speed was consistently smaller than the speed of the
 
echoes, and that wind direction measured by the DC-6 was consistently to the
 
right'of echo motion.
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EXPERIMENT 35: Wisconsin Atmospheric Radiation Divergence Study (WARDS
 

PRINCIPAL INVESTIGATORS: Dr. Kirby J. Hanson i, Dr. Stephen K. Cox 2,
 

Dr. Verner E. Suomi3, and Dr. Thomas H. Vonder Haar2
 

AFFILIATION: 1Atlantic Oceanographic and Meteorological-Laboratories, NOAA,
 
2Colorado State University, and 3University of Wisconsin.
 

Reproduced below is a paper on "Measurements of Absorbed Shortwave Energy
 
in a Tropical Atmosphere," authored by Drs. Cox, Vonder Haar, Hanson, and
 
Suomi. The paper was presented at the "Meteorological and Atmospheric
 
Effects" session of the 1971 Conference of the International.Solar Energy
 
Society, Goddard Space Flight Center, Greenbelt, Md., May 11, 1971.
 

Introduction
 

The absorption of shortwave radiation (.3 urm to 3 mm) by the earth's
 
atmosphere is a very basic question in the study of the atmosphere's energy
 
budget. Whether the sun's energy enters the atmospheric energy cycle directly
 
or through a transformation to latent or sensible heat determines the response
 
time of the atmosphere to the solar forcing function. Indeed, solar energy
 
absorbed in the ocean may be stored in this massive heat reservoir for decades
 
or centuries. On the other hand, if a significant portion of this energy is
 
absorbed directly in the atmosphere, it is available to drive the atmosphere's
 
circulation immediately.
 

Another important reason for establishing the magnitude of the atmospheric
 
absorption of shortwave radiation lies in the design of future meteorological 
observation programs. These programs have scientific goals that must be
 
translated into accuracy requirements for observations of various parameters.
 
The conclusion, from theory, that we know the magnitude of shortwave absorp­
tion in the atmosphere, is premature and we cannot rightfully overlook or
 
neglect this heat budget component on all scales during all situations with­
out further study.
 

The work by Roach (1961 a and b), Manabe and Moller (1961), Yamamoto
 
(1962), and Manabe and Strickler (1964) is that upon which we have based our
 
comparisons in this paper. Other investigators who have made significant
 

are
contributions to the study of shortwave absorption by the atmosphere 

included in the'references.
 

Data
 

During the months of May, June, and July 1969, observations of heating
 
rates due to shortwave (.3 tim to 3 pm) (SW) radiation absorption in the
 
tropical atmosphere were collected as part of the Barbados Oceanographic
 
and Meteorological Experiment (BOMEX) in the vicinity of Barbados, West
 
Indies (59.5W, 12.4°N).
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The results presented in this paper were derived from pyranometric meas­
urements of the total hemispheric irradiance measured by upward and downward
 
facing instruments. The sensors were mounted on a National Center for
 
Atmospheric Research (NCAR) Queen Air aircraft. The NCAR aircraft flew
 
successive horizontal passes at a number of preselected altitudes allowing 
the aircraft to be advected along with the mean wind; this type of flight
 
plan provided assurance that the same air column was being sanpled on con­
secutive passes.1 The upward and downward irradiance data were then normal­
ized with respect to the solar-terrestrial geometry.
 

Data were collected in 3-min horizontal aircraft passes at various alti­
tudes. The pyranometers were sampled every second, and sample averages were
 
formed from the data to obtain the upward and downward irradiance at that
 
level.
 

Results
 

Figure 1 shows the mean downward irradiance as a function of height ob­
tained from five different cloud-free ascents on three different days.
 

The bar through each observed data point depicts the standard deviation
 
of the observations. The series of points to the right of the observed curve
 
was computed by a scheme taken from the work byManabe and Strickler (1964)
 
for a cloud-free gaseous atmosphere. Slight modifications to their technique

,involved use of 1.95 cal cm-Z min-1 as the solar constant and a mass dependent
 
correction for Rayleigh scattering. The observed mean moisture profile for
 
the five aircraft observation dates were used in the calculation. A third
 
series of points were taken from Kondratyev and Nikolsky (1968). This last
 
set represents the downward irradiance observed by a balloon-borne actinometer
 

-2
in an atmosphere with a water vapor optical mass of 4.7 gm cm - the same
 
mean total optical mass for the observations at Barbados. Comparison of these
 
three versions of the'downward SW irradiance showed obs'erved irradiance at all
 
levels to be consistently lower than the calculated.
 

Let us now define the fractional absorption as proposed by Yamamoto (1962).
 
If Hnet at a given level is the net shortwave irradiance level, the fractional
 
absorption, fa, for that layer is given by
 

Hnettop-Hnet 
fa = SC ' (i) 

'Aircraft performance allowed a typical flight sounding (five levels between
 
surface and 20,000 ft) to be completed in 45 min; only data from flights
 
within 2 hours of local noon were considered.
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where SC is the solar constant, and Hnetto is the SW irradiance at the-top
 
of the atmosphere, A heating rate can be computed from
 

AT _g AHnet (2)
 
At = p Ap
 

where g is acceleration of gravity, Cp is the specific heat of dry air, and
 
Ap is the pressure increment of the layer.
 

DOWNWARD SW IRRADIANCE 
20 -FLIGHT&
 

5 JUNE 1969 /
 
3 JULY 1969a/
 

15 3JULY1969b 	 / 
6JULY1969a 
6 JULY 19696M 010///
 

5­

0 
1.1 1.2 1.3 1.4 1.5 1.6 1.7 

"
 '
 H+ Cal Cnr 2 Min 

o KONDRATYEV AND NIK01SKY (1968) 

k- OBSERVED BARBADOS 1969 - PRESENT STUDY 

* CALCULATED - MANABE-STRICKLER METHOD (1964) 

Figure 1. 	Mean observed and calculated downward solar irradiance at the 
surface in an atmosphere with 4.? cm precipitable water.. 
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Figure ,2-shows a,comparison of the fractional absorption computed from (1) 
based on observed Hnet values (points with absolute dispersion bars) and cal­
culated absorption values. Hnettop was deduced from measurements of reflected 
and scattered solar radiation from Nimbus III MRIR data, with an assumed solar 
constant of 1.95 (Vonder Haar et al., 1971). A minimum planetary albedo of 
10 was chosen as representative of the cloudless case near the Barbados region 
during July.
 

The observed fractional values shown in figure 2 are consistently higher
 
than the calculated. The departure increases toward the surface where the
 
observed fractional absorption for the five cloud-free ascents is more than
 
20 percent greater than the calculated. One is tempted to compute observed
 
heating rates from the mean data shown in figure 2, but this may-be misleading 
since the absolute dispersion shown could account for either greater or less 
heating than the calculated.
 

MEAN FRACTIONAL ABSORPTION 

FLIGHTS: 

5 JUNE 1969 

15-	 3 JULY 1969a 

3 JULY 1969b 

o 6 JULY 1969a 
-10

LU6 

M MANABE-STRICKLER / 
JULY 1969b 

5­
5 (1964) CAr 1M AT ION\ 

.05 .10 .15 .20 .25 

FRACTIONAL ABSORPTION 

Figure 2. 	 Observed and calculated mean fractional 
absorption in a tropical atmosphere. 

15 



For a-comparison of heating rates we selected one flight, June 5, 1969,
 
and calculated heating rates by the Roach (1961a) and Manabe-Strickler (1964)
 
method. These results are shown in figure 3, where we see that the calculated
 
heating rates are 30 percent lower than the observed in the lowest 4,0Q0 ft
 
and in reasonable agreement between 4,000 and 8,000 ft.
 

500
 

600 ' 

700
 

800 E MANABE-STRICKLER (1964) 

~CALCULATION 

LU 0 ROACH (1961) CALCULATION 

-900 OBSERVED PRESENT STUDY 

1 I1 11000 

1.0 	 2.0 3.0 

INSTANTANEOUS HEATING RATE 

'C Day 1 

Figure 3. 	 Instantaneous heating rates observed and 
calcuZated for a tropicaZ atmosphere (4.? 
cm precipitabZe water; 230 N; 1100 toca time). 

Each of the comparisons shown in figures I to 3 indicates that there is 
something in the real atmosphere that is absorbing shortwave energy in excess 
of the calculated values. As stated ,earlier, all observed cases were cloud­
free. Physically, this directs attention to (a) the presence of "haze"; (b) 
additional amounts of waver vapor; or, perhaps, (c) uncertainties in the basic 
absorption data as applied in the computation to nonhomogeneous paths as pos­
sible explanations for the observed/computed discrepancies. 
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Of the three explanations offered above, the presence of haze seems most
 
plausible. Hate in the tropics results from a concentration of aerosols,
 
which may be either pure water, dilute solutions of NaCi or water-doated
 
dust particles. We feel that it is highly unlikely that dry dust barticles
 
would be present in a near-saturated environment. Prospero and Carlson (1970)
 

-3
report atmospheric dust concentrations in excess of 10 wgm m to be not
 
uncommon during June and July. In any event, by putting forth the haze hypo­
thesis we do not at this time question any of our basic gaseous absorption
 
data or empirical computation technique to qualitatively explain the greater
 
observed absorption values. Haze may absorb the SW energy directly or it
 
can cause a longer path through the absorbing gaseous constituents by scat­
tering; either explanation (or a combination) would result in increased
 
absorption.
 

If subsequent study supports the "haze effett" hypothesisj the relative
 
magnitude of the difference between the calculated and observed SI heagint
 
may provide a meaningful "haze index."
 

Let us consider again figure 3. The greater-than-calculated observed
 
value of SW heating in the layer from 820 to 1,000 mb includes the vertical
 
layer normally occupied by trade cumulus clouds (base 1,700 ft; top 2,000 to
 
4,000 ft); and this layer normally contains sufficient aerosol to distinctly
 
affect visibility. Even in the cloud-free data flights-shown in figures 1 to
 
3 the horizontal visibility in this lower layer was significantly less than
 
would be expected from a strictly gaseous atmosphere. Therefore we conclude
 
that the aerosol affecting visibility is also responsible for the enhanced
 
absorption of shortwave energy either by the scattering effect or direct
 
absorption mentioned above. Kuhn (1970, personal communication)'and Cox (1969)
 
report larger than expected infrared cooling of the lower layers of the
 
tropical atmosphere; this measured anomaly also points to the piesence of
 
aerosol in these layers.
 

Conclusions
 

Initial analysis of aircraft measurements of shortwave irradiance in a
 
cloudless atmosphere shows larger absorption by the atmosphere than can be
 
explained by the gaseous constituents alone. In the case presented, the ob­
served heating rate is 50 percent greater than the calculated for the lowest
 
4,000 ft of the atmosphere. We feel that in the presence of a low cloud deck
 
the absorption will be even greater in this layer. On the basis of these
 
preliminary results we suggest that the role of solar radiation absorbed di­
rectly by the atmosphere in the tropics has been seriously underestimated. A
 
check on this statement must await analysis, now underway, of additional data.
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EXPERIMENT.36: In Situ Water Vapor Measurements by Means of an Aluminum
 

Oxide Hygrometer
 

PRINCIPAL INVESTIGATOR: Mr. Ernest K. Hilsenrath
 

AFFILIATION: Goddard Space Flight Center, NASA
 

"Performance of an Aluminum Oxide Hygrometer on the NASA Convair CV 990
 

Aircraft Meteorological Observatory," by E. Hilsenrath and E.L. Coley, is
 

available from the authors in the form of a preprint, X-651-71-37, January
 

1971. Only the abstract is included here.
 

An aluminum oxide hygrometer has been flown on the NASA Convair 990 air­

craft on several meteorological expeditions, including BOMEX and the June 1970
 

flights over'the Arctic Ocean, the-continental United States, and the Gulf of
 

Mexico. Water vapor data are available for most of these flights. A standard
 

aluminum oxide probe was mounted in a specially designed air sampler. A con­

trol unit was designed such that the hygrometer system would be compatible
 

with the flight environmental computer flown on board the 1970 expedition.
 

Comparisons were made with other aircraft measurements yielding water vapor
 

data and with humidity data from radiosondes, when available. These compari­

sons substantiate the validity of the suggested corrections to radiosonde data
 

obtained during BOMEX. These flights have also demonstrated the negligible
 

temperature dependence of the hygrometer data and the rapid time response of
 

the configuration flown in'a jet aircraft, which yield useful water vapor data
 

in the range from +150C to -600C.
 

EXPERIMENT 37, 38: Basic Synoptic Scale Water Vapor, Energy and Momentum
 

Budgets
 

Dr. Joshua Z. Holland and Dr. Eugene M. Rasmusson
PRINCIPAL INVESTIGATORS: 


AFFILIATION: BOMAP Office, Environmental Research Laboratories, NOAA
 

a
Based on data now available in preliminary processed form ("A0! data), 


series of trial integral &alculations have been designed, consisting of in­

creasingly complex computations covering progressively longer time periods.
 

These calculations are being undertaken with the following objectives:
 

(1) Uncovering data problems and testing methods for correcting known
 

deficiencies.
 

(2) Developing analytical and computational techniques for evaluating
 

the budget equations developed in "Mass, Momentum, and Energy Budget
 

Equations for BOMAP Computations," by E.M. Rasmusson, NOAA Technical
 
Memorandum ERL BOMAP-3, January 1971.
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C3) Ensuring optimum use of all data obtained from the various sensors
 

and systems used during BOMEX.
 

(4) Providing error estimates of the various terms in the equations.
 

(5) Documenting problems and results as the anlyses progress.
 

Resulsts of these and related efforts in support of Experiment 37, 38 ­
the BOMEX Core Experiment - are reflected in papers given by several'members
 
of the BOMAP staff at the 52nd Annual Meeting of the American Geophysical
 
Union, April 12-16, 1971, Washington, D.C. The papers presented are contained
 
in section II of this Bulletin.
 

EXPERIMENT 41: 'Ocean Environmental Effects on Surface Schooling Tuna
 

PRINCIPAL INVESTIGATOR: Dr. James F. Hebard
 

AFFILIATION: Tropical Atlantic Biological Laboratories, National Marine
 
Fisheries Service, NOAA
 

Salinity-temperature-depth (STD) data from 38 stations from the June and
 
July 1969 surveys by the research vessel Undaunted have been deposited with
 
the National Oceanographic Data Center (NODC) for processing into the standard
 
NODC-BONEX format on magnetic tape. These will be available for distribution
 
in the summer of 1971. See BOMEX Bulletin No. 8 for further details on this
 
experiment.
 

EXPERIMENT 42: Oceanic Thermal Structure Prediction
 

PRINCIPAL INVESTIGATORS: Dr. R.W. James and Mr. George L. Hansen
 

AFFILIATION: U.S. Naval Oceanographic Office
 

A 10-min 16-mm time-lapse film of salinity-temperature-depth (STD) profiles
 
has been made and is available. Dr. James will obtain STD data for BOMEX
 
Period III from the BOMEX Temporary Archive and will analyze them for gross
 
temperature and salinity structure.
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EXPERIMENT 44: Lidar Measurements During BOMEX
 

PRINCIPAL INVESTIGATORS: Dr. Warren B. Johnson and Dr. Edward B. Uthe
 

AFFILIATION: Stanford Research Institute
 

The principal investigators' final report has been completed, entitled
 

"Lidar Observations of-the Lower Tropospheric Aerosol Structure During BOMEX,"
 

Final report submitted to the Atomic Energy Commission, Contract AT9043-155,
 

Stanford Research Institute, Menlo Park, 'Calif., January 1971. The abstract
 

of this report follows.
 

A lidar (laser radar) was flown on,a U.S. Air Force WC-130B aircraft over
 

the BOMEX area during the third experimental period (20 June to 3 July 1969). 
The instrument used a neodymium laser (1.06-im wavelength) and had a firing 

A total of 5,192 lidar signatures
rate of approximately one pulse per 3.5 sec. 

were collected during the eight flight missions. Most of the observations
 

were obtained over the eastern portion of the BOMEX area at an altitude of
 

10,000 ft and an aircraft speed of 100 m/sec, with a lidar pointing angle of
 

600 below the horizon. Under these conditions, the backscattered signal was
 

generally above the receiver noise level over the complete path to the sur­

face. The data are of sufficient spatial extent to allow presentation in terms 
of vertical cross sections of optical density.
 

A computer technique is described that adjusts and corrects the data for
 

the range effect, instrumentation nonlinearities, and pulse-to-pulse variations 

in transmitted energy, and then objectively performs a contour analysis of the 

resulting data matrix. Vertical cross sections of normalized lidar signal 
return obtained in this way are presented along with the associated average 

vertical profiles. These lidar results are interpreted qualitatively in 

terms of changes in aerosol density and/or particle size in the lowest 3,000 1 

of the atmosphere. They are compared with vertical profiles of temperature,
 
dew point, and the radionuclides 7Be and 9sZr, which were obtained from supple­
mentary data sources.
 

The data analyzed clearly reveal the existence of well-defined scattering
 

layers associated with the sub-cloud layer, the trade-wind inversion, and the
 

Sahara dust stream. The sub-cloud layer was nearly always present and its
 

top extended to an average height of 610 m (standard deviation of 110 m) with
 
The
nearly a constant scattering amplitude (standard deviation of 0.7 dB). 


height of this layer was well correlated with a change in stability typically
 
Near cloud tops the air
shown by the temperature and dew-point profiles. 


typically gave less signal return, indicating cleaner or drier conditions.
 

The height, thickness, density and structure of the Sahara dust layer
 

showed large vertical and horizontal variability. The average aerosol scale
 
of 0.7 km).

height determined from this study was 1.48 km (standard deviation 

The large scale heights result from the presence of the elevated dust layer.
 

The decrease in scattering normally observed above the base of an elevated
 

inversion in continental regions was' not usually found at the trade-wind
 

inversion in this experiment, because of the typical presence of a dust 
layer
 

above the inversion. The base of this layer frequently appeared to be trapped 

by the inversion, preventing downward movement.
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Lidar returns favorably compare with signatures synthesized by using
measured particle size distributions and Mie theory. This indicates that use­
ful quantitative information on aerosol density can be inferred from lidar 
measurements over an extended period of time. Howeversuch inferences are 
subject to errors introduced by nonlinear variations between aerosol density 
and the volume backscatter coefficient. 

EXPERIMENT 46: Radiation Experiment 

PRINCIPAL INVESTIGATORS: Dr. Peter M. Kuhn and Mrs. Lois P. Sterns 

AFFILIATION: Environmental Research Laboratories, NOAA
 

Abstracts of two papers related to this experiment appeared in BOMEX
 
Bulletin No. 7 and will not be repeated here. Titles of these papers are:
 
"Altering the Tropical Radiation Norm," by P.M. Kuhn, Bulletin of the American
 
Meteorological Society, Vol. 51, No. 3, March 1970; and "Interaction of
 
Radiation and Climate - BOMEX Experiment," by P.M. Kuhn and L.P. Stearns,
 
BOS Transactions, AGU, Vol. 51, No. 4, April 1970.
 

Further results have now been published or have been submitted for publi­
cation. Abstracts of these papers are given below.
 

"Airborne Observations of Contrail Effects on the Thermal Radiation Budget,"
 
by P.M. Kuhn, Journal of Atmospheric Sciences, Vol. 27, No. 6, September 1970.
 

Direct infrared and solar radiometric observations were made to analyze

the effects on the environment of any alterations in the radiation budget in
 
regions of heavy jet traffic. The observations, made from the NASA Convair
 
990 jet laboratory, were coupled with Mie scattering and absorption theory

calculations to analyze any inadvertent alterations in the natural atmospheric

thermal radiation budget. It was found a 500-m-thick contrail sheet increases
 
the infrared emission below the sheet by 21 percent but decreases the solar
 
power below the sheet by 15 percent. The infrared increase cannot make up

for the solar depletion, resulting in a net available thermal power at the
 
earth's surface, which in turn results in a 5.30 C decrease in the surface
 
temperature, if we assume contrail persistence. The actual temperature de­
crease is 0-'O.15C with 5 percent contrail persistence.
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"Radiative Transfer Observations and Calculations During BOMEX," by P.M. Kuhn
 
and L.P. Stearns, NOAA Technical Report ERL 203-APCL 19, April 1971.
 

During the Barbados'Oceanographic and Meteorological Experiment in 1969,
 
over 220 balloon-borne radiometersonde ascents were made from the NOAA research
 
vessels Discoverer and Rainier, the U.S. Coast Guard vessel Rockwojay and the
 
Seawell Airport on Barbados. The radiative power derived from these ascents
 
provided a massive comparison between observed values and calculations using
 
the temperature and moisture profiles of the radiosonde. A summary and brief
 
analysis of the observations and 'alculations by the radiative transfer-equa­
tion is examined, along with comments on the radiative cooling.
 

"Radiosonde Humidity Retrieval by Simultaneous Radiation Measurements," by
 
P.M. Kuhn and L.P. Stearns, Submitted to Journal of Meteorology.
 

A radiometric method for the retrieval of moisture data at altitudes
 
above the radiosonde hygristor cutoff region or in situations where a mal­

function of the hygristor occurs is described. The method was applied to
 
BOMEX radiation soundings. Regardless of the exact moisture profile, the 
method is designed to-radiometrically infer the average decrease of moisture 
through the entire atmospheric column through a solution of the radiative
 
transfer equation. This enables recovery of the total mass of atmospheric 
water vapor. 

In at least 25 percent of all BOMEX radiometersonde ascents, humidity
 
retrieval did produce a more realistic moisture profile and total mass of
 
precipitable water vapor. In these cases, the radiosonde hygristor humidity
 
deficiencies averaged from -45 percent at 800 mb to -30 percent at 600 mb.
 
For such pressure-levels, the optical mass of water vapor retrieved for the
 

-2
soundings discussed averaged 1.68 gm cm . This represents 56 percent of the
 
hygristor-measured optical mass. Above 400 mb the optical mass recovered
 
averaged 0.7 gm cm 2- for all BOMEX'radiometer soundings. It is suggested
 
that a simple radiometer could be used to improve moisture measurements for
 

soundings requiring the best possible water vapor data,
 

"Parameterizing Continuum Radiation to Remove the Computed-Observed Radiation
 

Discrepancy," Paper presented at Atlantic Oceanographic and Meteorological
 
Laboratories Workshop oi Remote Sensing, March 29, 1971, Miami. .
 

BOMEX and the 1970 International Radiometersonde Intercomparison radio­
metersonde and radiosonde ascent data were the basis for a parameterization
 
of continuum radiation in a computei model of the radiative transfer equation
 
(RTE). In situ (aircraft) measurements of particle size during radiometer­
sonde ascent and some aerosol sizing allowed inclusion of a fourth integral
 
for atmospheric particulates (in addition to those for water vapor, carbon
 
dioxide and ozone) in the RTE. Transmission functions were obtained for
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10 cm-1 intervals from 730 to 1300 cm-., Addition of the continuum emission
 
and transmission integrals to the RTE reduced discrepancies between computed 
and measured downward radiant emittance from a total column average of 50.0. 
watts m- 2 to 10.0 watts m- 2. It is shown that clouds can account for the 
remaining 10 watts cm- 2 difference. These changes did not appreciably affect 
the upward calculated and measured radiant emittance differences which are 
relatively small. 

EXPERIMENT 56: Nimbus 3 Study of Various Environmental Parameters i 

EXPERIMENT 57: Nimbus 3 Study of Aerosol Distributioni 

EXPERIMENT 58: Measurements and Interpretation of the Sea-Surface and 
Air Temperature Gradients in the Sub-Cloud Layer During BOMEX2
 

PRINCIPAL INVESTIGATORS: 'Dr. W. Marlatt, 2Dr. W. Marlatt and Dr. W. Gray
 

AFFILIATION: Colorado State University
 

On Experiments 56 and 57, the data are available from Mr. William Bandeen,
 
Goddard Space Flight Center, NASA, Greenbelt, Md. Concerning these two ex­
periments, the following final report has been published: "Infrared Radiation
 
Transfer Thtough Atmospheric Haze Layers," Final Report: NAS 5-11631,
 
"Atmospheric Limitations to Remote Sensing," by W.E. Marlatt, H.L. Cole,
 
J.C. Harlan, and J.I. Hjermstad, Department of Watershed Sciences, Colorado
 
State University. This report includes analysis of atmospheric particulates
 
encountered by the NASA Convair 990 during BOMEX as well as some cases where
 
observed radiometric sea surface temperatures were compared with sea surface
 
temperature values calculated by a mathematical atmospheric model. The com­
parisons showed that atmospheric aerosols contributed as much as 20 percent
 
of the attenuation of infrared radiation between the sea surface and the
 
airborne radiometer.
 

The technique used to determine the aerosol effect was as follows:
 

(1) Calculations were undertaken by a mathematical model of atmospheric
 
infrared radiation transfer, RADIANV, a block diagram of which is 
included. The atmospheric parameter data were supplied from aircraft
 
and/or ship radiosonde data. The program then calculated the radia­
tion values which should have been observed by the airborne radio­
meter if no particulate matter was between the sea surface and the
 
aircraft.
 

(2) Comparisons were made between the observed values and the calculated
 
values of sea surface temperature with the difference being attri­
buted to the atmospheric particulate attenuation of infrared radia­
tion. 
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The next steps to be taken in our analysis are as follows:
 

(1) To model the size distribution of typical atmospheric particulate
 
conditions encountered during BOMEX according to the data collected
 
in Experiments 57 and 58.
 

(2) 	 To use the particulate models as input to RADIANV along with the 
other atmospheric parameter data in order to determine the effect 
on radiation transfer of varying concentrations and particle size 
distributions. 

The accompanying simplified flow chart illustrates the radiation transfer
 
program RADIANV now being used. Originally developed by S. Cox and P. Kuhn, 
it has been modified to handle, atmospheric particulate data as well as con­
stituent data. For atmospheric particulates, the extinction, s'cattering, and 
absorption volume cross sections must be calculated by another computer pro­
gram 	and then entered in the first block of RADIANV. 

Preliminary results of analysis of data of infrared radiation transfer
 
through atmospheric particulates during BOMEX were presented by Dr. W. Marlatt
 
and Mr. C. Harlan at the BOMEX Radiation and Particulate Conference held at
 
the National Center for Atmospheric Research; Boulder, Colorado, October 1970.
 

All data for Experiment 58 are available at the BOMAP Office. Dr. W. Gray

is now analyzing portions of the data. It might also be noted that some data
 
from 	this experiment are included in the report on "Infrared Radiation Transfer 
Through Atmospheric Haze Layers," referred to above.
 

A National Science Foundation research grant entitled "An Investigation
 
of the Effects of Atmospheric Particulates on the Radiometric Measurement of
 
Sea Surface Temperature and on Infrared Cooling Rates in the Troposphere
 
During BOMEX" has been awarded Dr. Marlatt as principal investigator. Under
 
this grant, an analysis of the aerosol and radiometer data collected for
 
BOMEX Experiments 57 and 58 will be undertaken to define quantitatively the
 
role of atmospheric particulates in attenuating infrared radiation. A paper 
was given at the Seventh International Symposium on Remote Sensing of the 
Environment at Ann Arbor, Michigan, May 1971, in which preliminary results 
of this work were discussed.
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EXPERIMENT 65: Photographic Study of the !Generation and Concentration of
 

Oceanic White Caps 

PRINCIPAL INVESTIGATOR: Dr. Edward C. Monahan
 

AFFILIATION: University of Michigan
 

Results of this BOMEX experiment are included in a paper by Dr. Monahan,
 
"Oceanic Whitecaps," which appeared in the April 1971 issue of Journal of
 
Physical Oceanography. With the permission of the American Meteorological
 
Society the abstract of the article is quoted below.
 

The variation of oceanic whitecap coverage with wind speed was determined
 
from the analysis of groups of five' or more photographs taken, along with 
measurements of wind speed and air and water temperatures, during each of 71 
observation periods at locations on the Atlantic Ocean and adjacent salt water 
bodies. The fraction of the sea surface hovered by whitecaps is always <0.1%
 

-
for wind speeds V<4 m sec-1. For winds from 4 to 10 sec 1 the maximum per­
centage of the sea surface covered by whitecaps is given by W=0.00135 V *4
 

EXPERIMENT 70: Measurement of Humidity and Temperature Fluctuations and 

Turbulent Transport of Latent and Sensible Heat
 

PRINCIPAL INVESTIGATOR: Dr. G. Stephen Pond
 

AFFILIATION: Oregon State University
 

The following is an abstract of a paper, to be published, on "Measurements
 
of the Turbulent Fluxes of Momentum, Moisture and Sensible Heat Over the Ocean,"
 
by S. Pond, G.T. Phel~s, and J.B. Paquin, Oregon State University, and G. McBean
 
and R.W. Stewart, University of British Columbia.
 

This paper describes results of measurements of the fluxes of momentum,
 
moisture and sensible heat by both the eddy correlation and "dissipation"
 
techniques. The data were collected on FLIP during BOMEX and during a pre-

BOMBX trial cruise near San Diego in February 1969. The results are mainly
 
based on data collected by personnel from Oregon State University and the
 
University of British Columbia. We are grateful to the University of Washing­
ton personnel who have made their data and results available to us to check
 
some of our results and allowed us to use their temperature fluctuation data
 
from the San Diego cruise when our equipment failed to provide such data.
 

The methods of determining the fluxes are discussed. The instrumentation
 
and methods of data analysis are described. The effects of FLIP's interference 
on the flow are described and the method of removing the interference from
 
the results is given. The spectra of the three components of velocity fluc­
tuations and the cospectra between the vertical velocity fluctuations, w, and
 
the downstream velocity, u, temperature, T, and humidity, q, fluctuations are
 
presented. The fluxes determined by the eddy correlation method are compared
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with fluxes estimated from the rates of dissipation of kinetic-energy and
 
scalar fluctuations. These fluxes are then used to evaluate the constants
 
in the bulk aerodynamic formulae for estimating the fluxes.
 

The normalized velocity component spectra and the normalized uw cospectra
 
appear to have universal forms and are.similar to-earlier results. The 
normalized wT cospectra do not appear to have a universal form. The normalized 
wq cospectra do appear to have a universal form and are very similar to the 
normalized uw cospectra. As has been found before, the dissipation and eddy 
correlation methods agree quite well on average for the momentum flux. The
 
two methods do not give the same results for the sensible heat flux for BOMEX
 
although there is fair agreement for the small numbet of San-Diego results.
 
The two methods do give good agreement for the moisture flux. -Comparison of
 
the eddy correlation flux for momentum with the mean wind speed squared leads
 
to a drag coefficient of 1.5 x 10-. The sensible heat fluxhowever,does not
 
show a good relationship with the mean wind speed times the mean sea-air
 
temperature difference during BOMEX. For the San Diego results the relation­
ship is fair and similar to other measurements. The moisture flux shows a
 
strong correlation with the wind speed'timesthe mean sea-air humidity differ­
ence. The non-dimensional aerodynamic evaporation coefficient (corresponding
 

-
to the drag coefficient for momentum) was found to be 1.2 x io 3 with an un­
certainty of about 20 percent. This result based on direct measurements of
 
the flux agrees rather well with some earlier indirect estimates based on
 
evaporation pan data.
 

EXPERIMENT 84: Atmospheric Nuclei Concentrations
 

PRINCIPAL INVESTIGATORS: Dr. Helmut K. Weickmann and Dr. Paul A. Allee
 

AFFILIATION: Environmental Research Laboratories, NOAA
 

During the BOMEX project, the.Atmospheric Physics and Chemistry Laboratory
 
made airborne measurements of the Aitken nuclei, cloud droplet condensation
 
nuclei, and ice nuclei concentrations from one of the DC-6's of the NOAA
 
Research Flight Facility. Results of "averaging airborne measurements of the
 
Aitken nuclei and cloud droplet condensation nuclei (at 1 percent supersatura­
ton) have been obtained with respect to altitude for all flight data acquired.
 

The averagb Aitken nuclei cofncentration is less than 350 nuclei ml-1 at
 
all flight levels, including 12,000 ft.
 

The surface concentration of Aitken nuclei was measured at sea level
 
aboard the Discoverer and the average concentration was found to be 190
 
nuclei ml- . During 1928 the research ship Carnegie in the same area during
 
late summer measured the Aitken nuclei concentration at an average of 185
 

-
nuclei ml . From a comparison Of the two results it appears that there has
 
been little or no increase in the concentration of atmospheric particulates
 
in the BOMEX area during the last 41 years.
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The cloud droplet condensation nuclei (at 1 percent supersaturation) was
 
-
measured at a concentration of less than 200 nuclei ml at all levels, up to
 

and including the 12,000-ft level.
 

Results of the ice nuclei concentration measurements are being studied
 
for their relationship to other parameters recorded during the flights,
 

EXPERIMENT 95: Day-to-Day Variation'of Divergence in Trade Wind Region
 

PRINCIPAL INVESTIGATOR: Mr. Robert W. Reeves
 

AFFILIATION: BOMAP Office, Environmental Research Laboratories, NOAA
 

Tentative analytical results .related to this experiment are presented in
 
"Preliminary Velocity Divergence Computations for BOMEX Volume Based on Air­
craft Winds.," by R.W. Reeves, NOAA Technical Memorandum ERL BOMAP-5, April
 
1971. These preliminary calculations of the horizontal velocity divergence
 
are based on a limited sample of wind measurements from line integral aircraft
 
night flights around the perimeter of the BOMEX volume at a level of 1,000 ft
 
and stepped soundings at seven different heights at the midpoint of each' side
 
of the volume. The results indicate thatwith careful systematic calibration,
 
such aircraft-measured wind data may be useful in determining divergence.-


EXPERIMENT 98: Sea Surface and Cloud Photography From the CV-990
 

PRINCIPAL INVESTIGATORS: Mr. John Semyan and Mr...William Vetter
 

AFFILIATION: Goddard Space Flight Center, NASA
 

The Convair 990 cloud photographs referred to in BOMEX Bulletin No. 8
 
were all taken during BOMEX Observation Period IV. Flight data, including
 
times that cameras were on and off, are given in the first volume of "Support
 
Data for NASA Convair 990 Meteorological.Flighi V July 2-July 29, 1969," ,
 
published by the Department of Atmospheric Science, Colorado State University,
 
December 1969. This volume includes a summary of photographic coverage
 
(p. 8). The second volume contains the flight tracks. Four cameras were
 
operated, 35 mm port; 35 mm starboard, 35 mm downward, and'70.mm downward.
 
Pictures were taken every 10 sec by all cameras.
 

Limited quantities of duplicates of selected photographs can be made
 
,available to responsible investigators. Requests should be directed to
 
Mr. Joseph Steranka, Code 650, Goddard-Space Flight Center, Greenbelt, Md.
 
20771.
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I. 	BOMAP PAPERS PRESENTED,AT AGU MEETING
 

At the 52nd Annual 'eeting of the American Geophysical Union,
 
April 12-16, 1971, five papers related to the BOMEX Core Experiment
 
were presented. Pending-formal publication at a later date, these
 
papers are reproduced here to convey, in preliminary form, the re­
sults to date of analyses in progress.
 

Interim Report on Results From the BOMEX Core Experiment
 
Joshua,Z. Holland
 

Office 	 -BOMAPN7i -327oO 
3Introduction 


The.Barbados Oceanographic and Meteorological Experiment (BOMEX) Sea-Air
 
Interaction Program, known as, the Core Experiment, was conducted during May
 
and June 1969 with the collaboration,of seven Federal Agencies and the Govern-­
nent of Barbados. Ships, aircraft, satellites, and other platforms were used
 
for the observations, with the objective of obtaining accurate measurements of
 
the sea-air transfer of mass, energy, and.momentum over an area representative
 
of a single synoptic grid interval (Holland, 1970).
 

The BOMEX "cube' - 500 km-c 500 km in horizontal dimensions, 500 mb deep 
in the atmosphere, and 500 m deep in the ocei.n - was located east df Barbadbs. 
Salinity-temperature-Aepth soundings .(STD's) were taken four times a day at 
the two western fixed ships of the array, and eight times a day at the other 
three ships, to a depth of 1,000 m,. Rawinsondes, consisting of separate sondes
 
for temperature and humidity, were released 15 times daily at the four corner
 
ships and-the data recorded to at least 400 mb. Aircraft "line integral" mis­
sions were flown by one tosix aircraft on-a.variable schedule.
 

In the design of the experiment, emphasis was given to the accurate meas­
urement of.the air-sea energy flux, the principal component being the latent
 
heat of vaporization. 'Three independent estimates are to be compared:
 

(1) The heat loss from the ocean based on analysis of the oceano­
graphic data.
 

C2) 	 The terms of the water vapor continuity equation integrated
 
over the atmospheric -volume computed by means of the ,Gauss
 
divergence theorem.,
 

(3) The vertical flux of the water vapor as determined by cor­
relation of high-frequency turbulent fluctuations of vertical
 
velocity and humidity measured in the atmospheric surface
 
layer, as well as budgets of heat, mechanical energy, and
 
momentum (Rasmusson, 1971).
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Within the 2 months devoted to the Core Experiment, observations were
 
scheduled in three periods with 10-day breaks in between. The third period,
 
June 20 - July 2, produced the most com±Aetefship data and has been given
 
first priority for analysis.
 

Almost all the data have been put through a first-pass reduction process 
with a highly satisfactory yield, both qualitatively and quantitatively. The
 
products ate now being analyzed, primarily to develop a final reduction pro­
cess that will eliminate a larger fraction of the noise,. retrieve an even
 
larger porion of the-recorded information content, and introduce more accurate
 
calibrations and correhtions. Some preliminary scientific results are also
 
being deri ed.
 

Ocean Heat Budget
 

In the ocean heat budget studies, we have so far relied primarily on the
 
fixed-ship STD data,- These data were recorded by NASA's signal conditioning
 
and recording device (SCARD), digitized at NASA's Mississippi Test Facility,
 
kredueed ~y,,t$ procedure developed
Vctor Delnore of the BOMAP Office using a 

by'J0hhHugh o4 the National Oceanographic Data Center, and analyzed by
 
Lt. Delnoge: Figure 1 shows the mean temperature profiles in the top 80 m
 
for each of the-fixed ships based on 10-day observations during the third BOMEX
 
Observation Period. The Rainier and Mt. MitcheZi, the westernmost ships, have
 
the warmest surface water; the Ocean grapher and Discoverer, the eastern ships,
 
have the coolest. The overall spreadis 0.70 C.
 

Direct measurements of-the currents in the upper few meters are not avail­
able.- Positions of the ships-while'drifting confirm the expectation that, on
 
the average, the flow is toward the west, with a smaller northward component,
 
at a velocity on the order of i kt. Advective temperature changes in the 'pper
 
20 m, averagedcqver the third period, would thus be expected to be of the
 
order of -.03C/day. Below this depth the east-west temperature gradient
 
disappears'rapidly; By 50 m the gradient is meridional, the coldest water
 
lying beneath thb two northernmost ships;-the Rainier and Oceanographer. The
 
average advective change would most likely become very small below 30 m,
 
possibly-6hanging sign-


In the .upper 10 m of the mixed layer, during Period III, the average
 
diurnal variation contains the major part of'the time variation, with an
 
amplitude of about- 0 C. During the 6 hours of warming, the rate of change
 
is about 10C/day. A fluctuation of longer period-with an amplitude of about
 
.29C wai associated with rates of the ordersof .030C/day, comparable to the
 
horizontal advection.'
 

The overall linear trend was about Z.01°C/day, which would reflect both
 
incomplete sampling of the long-period fluctuation and any seasonal warming.
 
The'residual higher-frequency deviations are-generally less than .10C and
 
include random errors of measurement from one STD cast to the next. The
 
sampling error of the 10-day average for each observation time can thus be
 
considered to be about .03C.
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The temperature profiles for the Discoverer STD casts showing the coldest
 
and warmest mixed layer are presented in figure 2, together with the average
 
profile for BOMEX Period III. The highly unstable thermal stratification be­
tween 15 and 31 m is compentated for by a very large increase of salinity with
 
depth (not shown), giving a very stable density stratification below the mixed
 
layer. The low-salinity surface layer was traced to the mouth of the Amazon
 
River by scientists of the Research Triangle Institute aboard the Cape Fear
 
Technical Institute's research vessel Advance I. At the Discoverer, the
 
large salinity gradient puts a stable floor under the layer subject to diurnal
 
thermal convection.
 

The average Period III temperature profile for each observation time for
 
the Discoverer is shown in figure 3. The vertical resolution is 1 m. The
 
existence of a layer from 25 to 28 m with an overall diurnal amplitude not
 
exceeding .030C again suggests that this is an upper limit of the random errors
 
of measurement. The upper 17 m show a rapid heating of the upper few meters
 
with slow vertical penetration of the heating, and a slower cooling rate with
 
rapid vertical propagation. The stable stratification at the time of maximum
 
surface temperature and the vertically uniform temperature at minimum are
 
reminiscent of the seasonal variation of the temperature profile in a lake.
 
The exquisite quality of the data is emphasized by the fact that the overall
 
range in the upper 3 m is only .275'C.
 

When the average difference in heat content of the top 27 m from the pre­
vious observation time to the following one is divided by the 6-hour time
 
interval, the curve of heat storage rate results, labelled Qe in figure 4.
 
The abscissa is local time and the ordinate is in langleys per minute. Also
 
shown is the net radiative heating, QS-QA, from the pyranometer mounted on the
 
boom extending from the ship's bow, with a small infrared back-radiation cor­
rection. The difference, QV+QK, represents the net loss due to evaporation
 
and sensible heat transfer to the atmosphere, when the net daily storage, ad­
vective change, and any heat flux through the 27 m level are neglected. The
 
average loss, .37 ly/min, is then equal to the radiative input by definition.
 
Measurements of the sensible heat flux in the atmospheric surface layer in
 
this geographical area under similar meteorological conditions by various
 
investigators (eg., Garstang, 1967; Phelps, 1971; and Donelan, 1970) suggest
 
that it is on the order of .02 ly/min. This would leave .35 ly/min for eva­
poration, which-would then be about 8.4 mm/day.
 

In these units the very rough estimates of advection and long-term storage,
 
given earlier, amount to about -.06 and +.02 ly/min, respectively. Both would
 
reduce the estimated net loss to the atmosphere, leaving a total energy transfer
 
from sea to air of about .29 ly/min, of which .27 ly/min would be available
 
for evaporation. The corresponding evaporation rate would be about 6.5 mm/day.
 

Both the phase and the amplitude of the diurnal variation of sea-air
 
energy transfer rate deduced from this simple one-dimensional heat budget
 
model are suprising. For example, evaporation rates computed from the ship's
 
boom meteorological data by the bulk aerodynamic method imply a smaller
 
amplitude with an afternoon minimum. Further studies of the ocean heat
 
and salt budgets are underway.
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Eddy Flux of Water.VApor in the Atmospheric Surface Layer
 

As to the evidence from the numerous direct measurements~made in BOMEX 
of xrerticdl eddy flux of water vapor in the lowest tens of meters of the 
atmosphere, it-should be noted that the bulk of these measurements were made 
during May,'when the Navy's Floating Laboratory Instrument Platform (FLIP) 
was on station in the BOMEX array. 

Three primary data sets will be sunarized here. First, NOAA Research 
Flight Facility DC-6 aircraft collected 8 to 10 data samples of 5 min each, 
in each of six categpries determined by two aircraft headings, along wind 
and crosswind, ahd three altitudes, 18, 45, and 150 m (Friedman et al., 1970). 
Vertical velocity was measured by an angle-of-attack vane.installed and cali­
brated under the-technical guidance of U.0. Lappe. Humidity was measured 
by a microwave refractometer installed and operated under the direction of 
Brad .Bean of NOAA's Wave Propagation Laboratory. The data were reduced and 
spectrum computations performed by Leonard Rinaldi. Statistical summaries 
of the cospectral densities of vertical velocity and absolute humidity were 
prepared by-Dr. Bean's group. 

Second, a similar data set was collected by the Queen Air aircraft of
 
the National Center for Atmospheric Research with a sonic anemometer and
 
Lyman-alpha humidiometer installed and operated under the direction of
 
Mikio Miyake of the University of British Columbia (UBC) (Miyake et al.,
 
1970). A selection of 17 Queen Air data runs has been analyzed by Mark
 
Donelan of UBC (Donelan, 1970)..
 

Third, 6n FLIP, a set of fast-response vertical velocity measurements was 
made under the direction of R.W. Stewart of UBC, by means of a sonic anemometer, 
and a coordinated set of humidity measurements by Stephen Pond of Oregon 
State University (OSU) tising a Lyman-alpha humidiometer. One subset consisting 
of S runs ranking in length from 35 to 52 min each has been analyzed by Gordan 
A. McBeanmof UBC (McBean, 1970). A different subset of 11 runs ranging in
 
length from 25 to 87 min has been analyzed by George T. Phelps of OSU (Phelps,
 
197l).
 

Figure 5 shows the RFF cospectral densities of vertical velocity, w,.and
 
specific humidity, q, at 45 m, normalized by dividing the covariance of w and
 
q, and nondimensionalized by multiplication by wave number k. The averages
 
of 10 downwind runs (solid) and 10 crosswind runs (dashed) at 45 m, with the
 
band representing cospectral densities within one standard deviation of the
 
mean, are shown by hand-smoothed curves based on averages and standard devia­
tions at 11 abscissa values supplied by Dr. Bean. At a nominal airspeed of 
100 m/sec, the frequency band fro .05 to 4 kHz is converted to wave number 

1
band from .0005 to .04 m- . The upper cutoff is determined by combined analog 
filtering and digital filtering of the data to avoid noise due to instrument 
boom vibration; The lower cutoff is determined by the limits of adequate 
statistical sampling and low-frequency instrumental resolution. The cospectrum 
represents the distribution of vertical eddy flux' of water vapor with respect
 
to the logarithm of wave number.
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Figure 5. Aormaized water vapor flux cospectrum; kw (Ok/w 'q' as a function 
of wave number k from RFF along-wind (solidi and crosswind (dashed)
 
samples at 45-m altitude. Each family of three curves represents 
the mean and ± 7 standard deviation of 70 samples (hand-smoothed). 

The crosswind cospectrum has a sharp peak at a wave number of about
 
.004 m-1, or a wavelength of about 250 m. In the along-wind diiection the
 
cospectrum.has a flatter peak at a waveiength of about 700 m. The eddies
 
dominating-the vertical transport of water vapor are thus seen to be highly
 
elongated in the direction of the- mean wind. It seems likely that a broader
 
bandwidth would be required to obtain accurate values of the integrated
 
covariance, and that the vertical flux may be underestimated because of the
 
high-frequency cutoff in the crosswind case, and the low-frequency cutoff
 
in the alonk-wind case.
 

Similar plots o? the cospectra at 18 m and ISO.m show an increase in
 
the wavelength of the cospectral peak from about 200 m at a height of 18 m
 
to about 600 m at ISO m. While the eddy wavelength of maximum flux appears
 
to be within the instrumental bandwidth at all three levels, the possibility
 
of significant loss in the integrated flux, at high frequencies at the lowest
 
altitude, and at low frequencies at the highest altitude, must be given
 
serious consideration.
 

The Queen Air data (Donelan, 1970) show a peak in the ,cospectrum at a
 
somewhat shorter wavelength than that indicated by the RFF data; and a slower
 
decrease of the cospectrum, cutting off at a wave number about an order of
 
magnitude higher than the RFF cutoff. The FLIP data (McBean, 1970; Phelps,
 
1971) agree with the Queen Air data at the high-frequency end. At the lower
 
wave numbers, on the other hand, including that of the cospectral peak, the
 
RFF data appear to define the cospectrum better. The FLIP cospectral densities
 
have a very wide scatter at wavelengths of the order of 100 m or more (wave
 
numbers < .01 M-1 ),falling predominantly below those derived from the RFF data.
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Thus all the wq covariance values may be suspected of being underestimates
 
of the flux that would be observed with a system having sufficient bandwidth
 
(wavelengths from I to at least 10,000 m). The amount of the underestimate
 
cannot be accurately determined from the available data and may be variable.
 
Nevertheless, it appears that, for the first time, a rather good picture of 
the cospectrum, as well as the individual spectra of w and q, and their varia­
tions with direction relative to the wind and with altitude in the lowest few 
hundred meters, can be synthesized from the data obtained with the various 
measurement systems. 

The measured fluxes from all three observation platforms are plotted as
 
evaporation rates against local time in figure 6. The Queen Air data excluded,
 
the bulk of the data lie between 3 and 7 mm/day. The Queen Air data [NCAR/UBC)
 
fall below most of the other data.
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Figure 6. Measurements of vertical flux of water vapor, 
mm/day (evporation equivalent), based on RFF 
and NOAR aircraftand FLIP data vs. time of day. 

The results of the ocean heat budget analysis based on the Discoverer 
data for June 21 - July 2, discussed previously, do not necessarily apply to 
the May data obtained in the vicinity of FLIP. It is interesting, however, 
that the median value of the May FLIP and RFF fluxes (about S mm/day) would 
be consistent with the mean value estimated from the late June ocean budget 
from the Discoverer data (6.5 mm/day), if the former were assumed to be 23
 
percent lower due to bandwidth truncation.
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Divergence Error Studies
 

To obtain estimates of the evaporation by measuring all the other terms
 
of the atmospheric volume budget of water vapor, it is essential to determine
 
accurately the horizontal velocity divergence (Holland, 1970).
 

For measuring the area-integrated divergence by integratioi of the out­
ward normal velocity component around the boundary by means of the divergence
 
theorem, the line integral flight patterns were designed to provide dense
 
sampling of the normal wind component around the perimeter of the BOMEX square.
 
Efforts were made to minimize errors due to time delays between measurements
 
on opposite sides by using at least two aircraft. This required that extensive
 
comparison data be obtained between the aircraft whose measurements were to be
 
combined.
 

Figure 7 shows part of the flight pattern used by four aircraft to obtain 
data simultaneously on all four sides of the BOMEX square at each of three
 
altitudes, Two aircraft were flown together in loose formation from Barbados
 
to point KILO, the midpoint of the south side of the square. They then separ­
ated, and each flew a series of data legs at altitudes of 300, 1,300, 2,300,
 
and again 300 m, one on the DELTA-ALFA leg and the other on the ECHO-BRAVO
 
leg. They then rejoined at KILO and flew back to Barbados together for inter­
comparison. The whole mission took approximately 12 hours. The starting times
 
of the outbound and inbound intercomparison legs were separated by about 10 
hours. The first (outbound) and second (inbound) 300-m data legs were separated
 
by about 6 hours. 

BRAVO 

ALFA-.-- INBOUND\ DATA 

LEG
 

OUTBOUND \ OUTBOUND
DATA DATALEG \\lLEG
 
LEG' LEG 

1INBOUND 

L\ DATA 
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Figure 7. Part of four-aircraft flight pattern used in divergence test.
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Both the RFF and the Navy VW-4 squadron took part in these line integral
 
missions, but the data discussed are only RFF wind data based on digital re­
cordings of Doppler drift angle and ground speed, magnetic heading, pitot tube
 
pressure differential, temperature, and humidity. These data were reduced by
 
the National Hurricane Research Laboratory, NOAA. The computations summarized
 
here were carried out by P. Pytlowany of BOMAP.
 

The difference between the normal wind components measured by two aircraft
 
on the intercomparison legs provides an estimate of the errors in divergence 
that would occur when the (oppositely directed) normal components measured by
 
the same two aircraft of opposite data legs are added. In 12 such intercompari­
sons between pairs of RFF aircraft, a mean difference of 0.13 m/sec was obtained
 

-
corresponding to a systematic error of 0.26 x 10-6 sec l in the divergence
 
-averaged over the 500-km box. It is assumed that this small systematic error
 
can be corrected. The random error, computed from the standard deviation of
 
the difference in normal velocity, turned out to be 2.1 x 10-6 sec -1 .
 

The comparison of normal wind components measured by the same aircraft
 
on the outbound and inbound passes on the same leg permit an estimate of the
 
divergence errors that would result from measurements of normal wind component
 
made by the same aircraft on both sides of the square by flying around the
 
square over-a period of several hours. In 21 outbound-inbound pairs of inter­
comparison legs (10 hours time delay), the random error in the divergence,
 
based on the standard deviation of the difference in normal velocity components,
 

-I
was 3.5 x 10-6 sec . In 9 outbound-inbound pairs of 300-n data legs (6hours
 
time delay), the random error was 2.2 x 10-6 see -1 . Thus the error increases
 
with time delay and is larger than that attributable to the difference between
 
two aircraft flying simultaneously. It follows that this type of error is
 
mainly due to time changes in the wind.
 

The general divergence theorem method will be called the "boundary method."
 
Another method has suggested itself, since the same flights provided the
 
necessary data for it. Called the "trend method," it consists of measuring
 
the one-dimensional divergence in each of two orthogonal directions by a
 
least-squares estimate of the rate of change of the parallel wind component
 
along a straight, level track.
 

In the boundary method, the difference between two averages of the same
 
wind component is used. The trend method involves, in effect, reversing the
 
order of averaging and differencing. The potential advantages of the latter
 
are that average time delays are kept to half the duration of one data leg.
 
Absolute accuracy of Doppler drift angle and ground speed are not needed since
 
the heading is not changed during the differencing process. Only the stability
 
of calibration of one aircraft over the short differencing interval is involved.
 

The intercomparison flight leg data are the only ones from which a direct
 
estimate of the error of the trend method can be made. The random error in
 
divergence for 12 intercomparisons is 2.5 x 10-6 sec"1 for a single one-dimen­
sional measurement. The accuracy is thus comparable to the accuracy of the
 
two-dimensional divergence determined by the boundary method, based on data
 
from four aircraft flying simultaneously or from one aircraft on the perimeter
 
circuit.
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,Figure 8 shows a comparison of the two-dimensional divergence measured
 
by aircraft and by ship rawinsondes. This example is for a daytime aircraft
 
mission on June 22, 1969.' The continuous curves are based on divergence
 
computations from the rawinsondes in fifty 10-mb layers. The vertical
 
coordinate is p*, which is equal to the difference between sea level pressure
 
and-actual pressure at each altitude. -The rawinsonde data were recorded by

NASA on SCARD, were digitized and reduced by NASA at the Mississippi Test
 
Facility, and have been time smoothed and interpolated to unifori ihtervals
 
by Thomas Carpenter of the Air Resources Laboratory, NOAA. Each curve
 
consists of the averages of thedivergences at two successive observation
 
times (e.g., the 1200-1400 GNT curve is based on the time-smoothed 1200 GMT
 
and 1330 GMT rawinsonde data): No corrections have been made for ship motion,
 
although the time-averaging probably reduces the maximum errors due to this
 
motion to something of the order,of I x 10-6 sec-l..
 

The rawinsondes show tleilowest 50 mb (about 400 m), representing the
 
subcloud layer, undergoing i-change from convergence to divergence during the
 
course-of the day. This ,ottion, -basedonthe first 2 min of data, is subject
 
to considerable uncertainty. The cumulus layer extending up to just over
 
100 mb is rather-steadily divergent throughout this period. From the trade
 
inversion; in the neighborhood of 150 mb and on up, the pattern is quite
 
vaiiable with respect to both height and time.
 

The aircraft divergences at 300, 1,300, and 2,300 m were computed from
 
the data obtained by only two aircraft, flying the eastern and western sides
 
of the square.- The boundary method was used for the east-west component of
 
the divergence and the trend method for the north-south component ("mixed"
 
method). Coipputations were made forboth the outbound and inbound passes at
 
300 m. Data at 3,300 and 4,900 m were obtained by one aircraft making the
 
complete circuit, first-at the lower'level clockwise, then at the upper
 
counterclockwise. With measurements on all four sides it was possible to
 
derive the total divergence independently by both the boundary andtrend
 
methods at these two higher levels.
 

Agreement between'the divergence computed from aircraft and rawinsonde
 
data is as good as can be expected in view of the rapid time changes and
 
great difference in the time-spae sampling characteristics of the two systems.
 
The discrepancy.at 300 m could be partly caused by errors-in the rawinsonde
 
data in the first 2 min after launch. At 3,300 m the two methods give consid­
erably different results, but both are within the range of diverkences computed
 
from the rdwinsonde data collected during the time of the aircraft .circuit.
 
The trend method comes closest to representing a time-mean-of the rawinsonde
 
data. At 4,900 m the two aircraft methods are in better agreement with each
 
other, but differ from the rawinsonde divergences measured at the same level.
 
At a few.hundred meters lower altitude, however, some rawinson'de data-agree
 
closely with the aircraft data in showing pronounced convergence during the
 
observation period.
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* The conclusion can be drawn that the trend method is a promising substi­
tute for the boundary method in computing divergence and will permit .roughly 
a doubling of the BOMEX aircraft data base for divergence estimaltes,, and mayw , 
permit aircraft divergence measurements in future expe=imehts WidthQfewe, fIlight 
hours. The accuracy considerations are approximately the same for vorticity 
measurements, where the trend of the normal component along one leg would 
replace the difference between the mean parallel components along opposite legs. 

Applications of the divergence measurements to the water vapor budget
 
analysis, leading to further evidence regarding,the evaporation rate, will
 
be discussed in Dr. Rasmusson's paper, which follows.
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BOMEX Atmospheric Mass and Energy Budgets
 
Preliminary Results
 

INs7143 7i4 Eugene M.Rasmusson
aNV -iC2 )BOMAP Office 

The Barbados Oceanographic and Meteorological Analysis Project (BOMAP)
 
has as one of its major responsibilities the analyses of the mass, momentum, 
and energy budgets (including latent heat) of the atmospheric mass within
 
the BOMEX box. Although most of the data currently available for such analyses
 

.represent output from intermediate processing steps, rather than final vali­
dated data, the decision has been made to run a series of trial integral
 
computations based on the data in their present form.
 

The first major trial analyses were made for a 5-day undisturbed period
 
in late June, 1969. A vertical resolution of 10 mb was used in computations
 
from the surface to 500 mb above the surface in a p* coordinate system, where
 
p* is the position on the vertical axis in terms of pressure differential
 
relative to sea level (Rasmusson, 1971). Rawinsonde observations at intervals
 
of 1 hours constituted the basic data.
 

Prior to these calculations, the basic data at each level were examined
 
by my colleague, Mr. Carpenter, and any values more than three standard
 
deviations from the mean at that level were discarded. Next, missing values
 
were filled in by fitting a cubic spl-ine to the data points at each level.
 
Finally, the data at each level were filtered to remove all frequencies of
 
less than 6-hdur periods. Frequencies of 12-hour periods or greater were
 
passed unattenuated.
 

The handling of the humidity data is still a serious special problem
 
because of instrumental errors. These errors, which will be discussed in
 
the paper by Crutcher, Sanders and Sullivan, induce a spurious diurnal varia­
tion in the humidity values. In an effort to minimize their effect, the
 
diurnal variation of humidity in the basic data was removed. No direct
 
account was taken of the effect of ship motion,on the measured wind, although
 
the filtering procedure used probably removed much of this error. Subsequent
 
to the basic computations,, however, the mean 5-day ship motions during the
 
periods of rawinsonde ascent were computed. The errors arising from the
 
neglect of this correction , which are small, but not negligible, will be
 
pointed out in a later discussion.
 

Our evaluation of the results to date is limited to an examination of
 
the mass and water vapor budgets. Before reviewing a few highlights from
 
these results, I wish to point out a few features of the potential tempera­
ture time cross section shown in figure 1 for the Oceanographer (northeast
 
corner of BOMEX array) for the 5-day period. The zone of stability associated
 
with the trade inversion is found between the 0 = 302'-308' isentropes, and
 
centers approximately on the 305' isentrope (shown as a heavier line). In
 
examining the budget results, we hare been particularly interested in noting
 
relationships between this stable layer and features of the computed diver­
gence and vertical motion profiles. Significant changes began taking place
 
in the thermal structure around the middle of the period in connection with
 
an upper tropospheric trough passage, although little rainfall was observed.
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The trade inversion weakened markedly, and a descending stable layer appeared 
aloft, which, by the end of the period, appeared to be merging into, or forming, 
a new trade inversion. These thermal clianjes were also accompanied by sharp 
changes in humidity in the vicinity of the stable layers. 

Turning to the water vapor bhdget calculations, we show here the computed
 
S-day average water balance components for this period:
 

COMPUTED WATER BUDGET
 

03 GMT 22 June - 21 GMT 26 June
 
1969
 

Units: millimeters/day
 

Precipitation + 0.2
 

Change of Vapor Content k fwdp* = + 0.6 

Mean Flux Divergence 5[q][Vn]dp* = + 6.5 

Advective Flux Divergence J[q*Vn*]dp* = + 1-1 

Outflow Through the Top f@-7)top = - 1.1 

Residual (Evaporation) = + 7.3
 

300- I0I 

200- 304.--3o 

100- OCEANOGRAPHER 

12GMT OOGMT 12GMT OOGMT 12GMT OOGMT 12GMT OOGMT 12GMT 
JUN 22 JUN 23, JUN 24 JUN 25 JUN 26 

Figure 1. PotentiaZ temperature time cross sections for the Oceanographer. 
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As we see, the components consist of the following:
 

(1) 	Precipitation. Ver? l-itt-le precipitation fell over the array
 
during this period. From an analysis of-radar and satellite
 
data, Dr. Hudlow of our office has arrived at an average value
 
of only .2 mm per day.
 

(2) 	dq/6t, the mean change in the water vapor content of the atmos­
phereic column, where q - specific humidity. The term is
 
small during this period.
 

(3) Horizontal vapor flux divergence. In the formulation of the
 
vapor balance equation used in the BOMAP computations .(Rasmusson,
 
1971), the vapor flux divergence was partitioned into two terms:
 

(a) A term that approximates the qV'V term in the basic
 
expression for divergence. This will be referred to
 
as the mean divergence contribution. The dominance 
of this term is apparent, emphasizing the importance 
of an accurate evaluation of the velocity divergence.
 

(b) A term that corresponds approximately to the V-Vq
 
term in the basic expression for divergence. This
 
will be referred to as the advective contribution to
 
the divergence.
 

(4) Vertical vapor flux through the top of the box. During undis­
turbed periods, the vertical flux at p* = 500 mb arising from
 
variations in q and w* on scales smaller than the dimensions
 
of the box is neglected. Thus the flux is evaluated as the
 

-
product of the mean values of m* (in units of 10-4 mb/sec 1 )
 
and q at the top of the box. It is interesting to note that
 
through the continuity equation, this term plus the mean di­
vergence contribution equals the vertical advection. Comparing
 
this with the horizontal advective contribution shows that
 
downward transport of dry air was five times more effective
 
in drying out the column than was the horizontal advection of
 
dry 	air. 

(5) The sum of the above terms, which equals the computed evapora­
tion. Application of a correction for mean ship motion reduces
 
this value from 7.3 to 6.7 mm/day.
 

The dominance of the mean divergence term in the water budget computa­
tions and the importance of an accurate value of w* at the top of the box
 
emphasize the importance of the kinematic mass budget computations. The
 
kinematically computed mean divergence and vertical motion profiles are
 
illustrated in figure 2. Note that in the p* system, upward motion is
 
positive. The level of maximum divergence is near p* = 80 mb, the level
 
at which the mean sounding begins to show an increase in stability. The
 
level of zero divergence at p* = 160 mb, which marks the level of computed
 
maximum mean downward motion, is slightly below the level of greatest sta­
bility, marked by the 3050 isentrope. The values of divergence, averaged
 
for three aircraft line integral missions, are shown by crosses on the pro­
file. A mean vertical velocity has also been computed for the top 50 mb
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Figure 2. Kinematically computed mean divergence
 
and vertical motion profiles.
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of the box from the thermodynamic equation. Values 'ofradiational cooling
 
were required for this computation, and these were kindly provided by Dr.
 
Stephen Cox of Colorado State University.
 

In terms of mean divergence of the colun,,the thermodynamic divergence
 
-7 -1 
averages about 5 x 10 sec less than the kinematic divergence, which
 

represents good agreement between the two methods. This difference is re­
-7 -1
duced even further, to around 3 x 10 sec , when a correction is applied
 

for the fiiean ship motion.
 

Examination of the divergence time cross section showed that low-level
 
divergence prevailed during almost the entire 5-day period; although the
 
intensity varied considerably. This strong divergence was typically capped
 
by a region of convergence, as shown on the mean profile, although here the
 
time variability was much greatbr. The divergence computed for the upper
 
half of the box was extremely variable, btit a significant portion of this
 
variability represented a computed diurnal variation in divergence and
 
vertical motion.
 

The computed diurnal variation of vertical motion is'shown in figure 3,
 
where w* is in units of 10-4mb see-I. A semidiurnal variation of 0* was
 
computed in the lowest 80 to 100 mb. Above p* = 100 mb, i:diurnal variation
 
dominates the-'jattern. In the upper 250 mb of the box, the data show relative
 
sinking motion at night, relative rising motion during most of the daylight
 
hours. The maximum diurnal changes at the top of the box represent a com­
puted vertical displacement of + 38 mb around the mean sinking rate. One 
might expect to find visible evidence of these variatibns in the cumulus
 
layer (p* = 50-150 mb) in the form of a diurnal variation in cloudiness. 

400-

I -­

3C
00
 

_200 	 ,\ LD1,ORL VAPlATION 

TO 03Z JUNE26 
100­

-- I I 

0000 03 06 	 09 12 15 18 21 
TIME (GMT) 

Figure 3. Computed diurnal variation of vertical motion, w*, in 10-4 mb sea­
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Here, the computations give on balance a weak tendency for downward motion
 
during the day, upward motion at night, in apparent agreement with observed 
diurnal changes of radar echoes during this period.
 

For a more detailed look at the vapor flux divergence, we turn next to 
figure 4, which shows the relative contribution of the mean term (small 
squares) and the advective term (small triangles) as functions of p*. The 

VAPOR FLUX DIVERGENCE 

500 

TANSPORT
 
~ [Q]400 [ N-o°" 

[ci 500VERTICAL MOISTURE 
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200­
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200 2 000II " 
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4 6 .8 8 ,24 -2 0 

ca Lv e tieutd 
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4. 
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and advective term (small cal flux --- ).
 
triangles) to the vertical
 
flux divergence as a func­
tion of p*.
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relative importance of the mean divergence contribution was noted earlier. 
This figure shows that almost all the mean divergence contribution came from
 

the lowest 150 mb of the column, a consequence of the high values of velocity
 
divergence weighted by the high values of humidity in the moist layer.
 

Since precipitation Was practically negiigible during the 5 days under
 

study, this period offers an opportunity for an indirect computation of the
 

vertical eddy flux of water vapor arising from correlations between q and &*
 

for scales less than the size of the box, i.e., subgrid-scale vertical trans­

fer, where the grid spacing is 500 km. In order to do this, we neglect
 

condensation and assume that the vertical eddy flux , 0 at the top of the box.
 

The divergence of vertical eddy flux then equals the sum of the change 
in water vapor content, the horizontal flux convergence, and the convergence
 

of water vapor due to the area-averaged vertical velocity. Beginning with
 

zero at the top of the box, we can construct the eddy flux profile downward
 

by adding the computed vertical eddy flux convergence of each layer to the
 

value of the flux at the top of that layer. The computed vertical flux by
 
are shown in figure 5; together
the mean vertical motion, and the eddies, 


with the computed net vertical flux, which is the sum of the two terms.
 

The major features of the computed verticil eddy flux profile appear
 

quite plausible. The eddy flux decreases slowly with height through the
 

first 80 mb, then more rapidly as we proceed upward into the stable layer. 
The most rapid decrease in eddy flux, and consequently the largest values 

of vertical eddy flux convergence, is found in the layer p* = 170-22'0 mb, 

which corresponds to the layer of greatest stability on the mean sounding. 

At the top of the mean stable layer (p*= 240 mb), the computed eddy flux 
is less than 25 percent of its surface value. The consistently iow values 

in the upper 150 mb of the box support the assumption of negligible eddy
 

flux at the top.
 

The net vertical flux is upward in the lowest 110 mb, where the upward
 

eddy flux is dominant. Above this level, the flux accomplished by the mean
 

downward motion dominates, and the computed vertical flux settles down to a
 
-6 "2 -1
relatively steady value of around j0 gm sec .
 

The results presented here represent conditions-during a single 5-day
 

undisturbed period. Analysis of data taken during other intensive observa­

tional periods of BOMEX should clarify to what extent these results can be
 
considered typical of undisturbed conditions in this geographical area.
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Three-Dimensional Model of Precipitation Echoes for 
X-Band Radar Data Collected During BOMEX 

Michael D. Hudlow 
BOMAP Office 

Introduction 
 'N7 - 3 2-35,1 
To perform meaningful budget studies, a knowledge of the statistical
 

character and quantity of clouds and precipitation within the BOMEX box is
 
required. During the experiment,-surface-based and airborne radars were
 
deployed to document precipitation echoes (fig. 1). A U.S. Army radar (AN/

MPS-34) was stationed on the island of Barbados. 
 A NOAA radar (METEOR-200)
 
was aboard the NOAA ship Discoverer. Also, U.S. Air Force aircraft and
 
aircraft from NOAA's Research Flight Facility were used to collect radar
 
photographs. As a result, BOMEX yielded a considerable amount of radar data,

but insufficient spatial and/or temporal coverage preclude precipitation

calculations for the complete space-time domain directly from "gain-step"
 
data.
 

The principal purpose of this study is to derive a quantitative statis­
tical model that describes the three-dimensional geometry and intensity of
 
a radar echo, given a one-dimensional parameter of the echo to serve as the
 
independent estimator. 
As shown later in this report, the maximum dimension
 
of a radar echo, recorded at a 00 tilt angle, constitutes a significant

estimator of other echo parameters. Kessler (1965) has recognized the im­
portance of radar echo statistics for parameterizing the morphology of meso­
scale precipitation and specifically stresses echo length as one important

statistic. For BOMAP, a computer algorithm has been designed that scans
 
digitized radar data and estimates the maximum dimension of each radar echo
 
contained in the digital array.
 

The statistical echo model provides a method for deriving precipitation

estimates for the BOMEX box for those areas and times not documented by
"gain-step" data. Figure I illustrates that only about 50 percent of the 
BOMEX square is covered by the surface-based radars when operating at a 
maximum surveillance range of 200 mi. ' Aircraft radar data are generally

available only during midday. Specifically, the echo model is useful in 
view of the following:
 

(1) Meaningful "gain-step" measurements are unlikely for ranges 
exceeding about 125 mi (see Hudlow, 1970). However, the
 
length measurements are not as seriously degraded at ranges 
beyond 100 mi. This statement can be supported from examin­
ation of the mean profiles of echo area versus height (fig.

2). The mean profiles illustrate that echo area, and thus 
echo length, remain essentially constant with altitude for a
 
distance above echo base. For example, the profiles imply

that reasonable echo length measurements can be made at beam
 
altitudes up to about 12,000 ft for echo areas greater than
 
60 sq. mi. Therefore, it is assumed that the echo model can
 
be applied in extending the usable ranges' for statistical
 
estimates .of precipitation rates via radar.
 

iStatute miles are used throughout this report.
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(2) The echo model can be applied when only maximum gain data 
(no "gain stepping") are available. 

(3) The northern 50 percent of the BOMEX experimental area was
 
not covered by surface-based radar sensors. For this area,
 
the planned approach is to develop techniques for using

satellite infrared data for assessing probable distributions
 
of radar echo lengths. Given a distribution of echo lengths,

the echo model can be used for making quantitative precipi­
tation estimates. This subject is discussed by Mr. Scherer
 
in his paper.
 

For storms observed in central Florida, Byers (1948) showed a signifi­
cant correlation between the volume of water deposited over a network of rain
 
gages and the time-averaged volume of radar echoes existing above the net­
work. More recently, Rogers and Rao (1968), Holtz (1968), and Altman (1970)

have presented quantitative echo models based on geometric and similarity

considerations. The results obtained by Rogers, Rao, and Holtz were derived
 
from thunderstorms observed in the Montreal vicinity, while Altman's data
 
were collected in central Oklahoma.
 

The Montreal and central Oklahoma models are found to be consistent with
 
the exponential model dbrived for thi§ study, which relates received power,
 
P1, to the square root of echo area, vA-, at a persisting gain threshold, but
 
some of the empirical coefficients entering the model will be sensitive to
 
season and location. An example of seasonal sensitivity is discussed later
 
in this report, where the echo model, developed predominantly from June data,
 
is tested against echoes occurring in late July.
 

Hardware
 

Data collected with the AN/MPS-34 weather radar were used for the
 
development of the stitistical data base. 
This radar is van mounted and was
 
developed for Army applications requiring mobility. It is quite similar to
 
radar set AN/CPS-9 and, in most aspects, can be considered an improved CPS-9.
 
During BOMEX, the MPS-34 was located on a cliff overlooking the eastern shore
 
of Barbados, a site arrangement that yielded an antenna altitude of approxi­
mately 950 ft above mean sea levil, and provided a vantage point for radar
 
surveillance of the BOMEX array to the east.
 

Conventional "gain stepping" of the radar receiver and scope photography

constituted the system for recording storm intensities. A complete descrip­
tion of the basic and auxiliary equipment is contained in an earlier publica­
tion by this author (Hudlow, 1970).
 

Calibrations
 

The gain-step increments were checked for each roll of 35-mm film and
 
were normally recalibrated if any step had drifted by more than 2 db. The
 
film was calibrated by inputting a signal from an x-band pulse generator.

The calibration was accomplished by photographing the PPI scope while the
 
antenna was rotating and while the calibration signal was changed in 2-db
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increments, starting at I0 db above the minimum detectable signal (mds) and­

stopping at the mds; a photograph was made of each setting. This procedure
 
The results of
documents on film a photographic minimum detectable signal. 


the gain-step and film calibrations are presented in the publication cited
 

above (Hudlow, 1970).
 

In addition to the conventional hardware calibrations, rainfall estimates
 

derived from MPS-34 radar data for several storms were compared with those
 

obtained from a rain-gage network inside a 35-sq. mi area in the extreme
 
The radar and rain-gage comparison showe
southeast portion of the island. 


the radar to underestimate the precipitation derived from the rain-gage
 
This corresponds to a factor of about
analysis by an average factor of 6.5. 


The reason for this large underestimate
12.5(ll db) in received power. 

is not apparent but agrees with reports from other investigators (see Jones
 

et al., 1966, pp,. 11-13). Therefore, the gain-setting calibrations reported 

by this author (Hudlow, 1970) were adjusted by 11 db for adaptation to the 

echo model developed in this study.
 

Data Analysis
 

Sixty-two radar echoes represent the statistical sample selected from
 

data collected on May 29, 1969, during 7 days in June 1969, and on July 1,
 

1969. The 62 echoes were all observed within 100 mi of the radar site
 

(average range = 65 mi), with echo sizes varying in length from 4 mi to
 

166 mi.
 

The echo parameters were derived manually from photographic prints, em­

phasizing grid overlay and graphical techniques when possible.. For example,
 

echo area was computed by overlaying a gridded acetate onto the print and
 

counting squares. Echo entities were identified as consisting of continuous
 

echo area (no breaks).
 

The maximumpower returned to the radar set from the intensity peak
 

within an echo, Prm, was estimated by plotting the power corresponding to
 

each gain threshold (in dbm) versus the square root of the echo area per­

sisting at that threshold and extrapolating a straight-line relationship
 

to zero area. When the value for Prm derived in this manner exceeds a
 

threshold setting of power for which echo was not observed to persist, Prm
 

is assumed equal to the threshold setting.
 

Prm was corrected for range attenuation and for attenuation due to,at-

All P were normalized
mospheric constituents (oxygen and water vapor). 


for a range of 50 mi. A mean tropical sounding was used in deriving the,
 

attenuation corrections resulting from atmospheric constituents.
 

, was scaled manually from
The maximum dimension of the radar echoes, Dm
 

However, Dm's derived with a software algorithm from digitized
photographs. 

photographs were used in testing portions of the echo model.
 

The altitude of echo summits and the echo area existing at specific
 

altitudes were derived from sequences of data collected at several 
antenna
 

for earth curvature,tilt angles, spaced at !0 increments. After corrections 

beam width, and standard atmospheric refraction had been applied, 
the height 
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sequence data for the echoes were processed. 'Constant altitude plan views
 
were manually constructed by superimposing finite range increments from photo­
graphs taken at several antenna tilt angles.
 

For this study, conventional least-squares techniques are used to derive

empirical relationships that form the three-dimensional echo model. It is
 
demonstrated that echo length, i.e., the maximum straight-line dimension of

the echo, is a pertinent estimate of other echo geometry and echo intensity

and is a useful transfer parameter for estimating precipitation. Geometric 
and exponential models are selected. 
Frequency histograms of the logarith­
mically transformed variables were examined for normality. 
Chi-square and
 
Cornu tests for normality were run on the logarithm of echo lengths and the

maximum powers (in dbm) and the null hypothesis of normality was accepted
(all transformed distributions were approximately normal). Scatter diagrams
for the transformed variables were examined for variability in the amount of 
scatter with, change in magnitude of the dependent variable. An assumption
of homogeneity of errors with magnitude of the dependent variable appeared

reasonable for the regression analyses performed for this study. 

The vertical profiles of echo area were grouped into three classes, and
 
average values of echo area were computed for each 2,000-ft of altitude (fig.

2). Class limits were defined by echo length. 
Class I consisted of echoes
 
with Dm'S less than 10 mi, Class II of echoes with Dm'S greater than 10 mi
but not exceeding 20 mi, and Class III contained all echoes with maximum 
dimensions exceeding 20 mi. A three-segment model consisting of three straight
lUnes on semilogarithmic paper adequately describes the average profiles 
(fig. 2). 

Empirical relationships relating liquid water content and rainfall rate 
to reflectivity have been derived from drop-size spectra collected at the 
earth's surface for several geographic locations by Mueller and Sims (1969).
Of the geographic locations considered by them, only Majuro in the Marshall 
Islands is subject to climatological influences similar to those existing in 
the Barbados vicinity. Therefore, Marshall Islands relationships were adopted 
for this study. 

Figure 3 is a relative cumulative distribution giving percentages of

the total precipitation content within an echo. 
These percentages are distri­
buted over given percents of the total echo area as revealed by the echo
 
model. 
For example, figure 3 reveals that 80 percent of the total precipita­
tion content present in a horizontal slice through a radar echo is distributed
 
over only about 17 percent of the total echo area. Jason Ching 2 has incorpor­
ated this result, in conjunction with a 3-D similarity liquid water profile,

into a model for the vertical fluxes of liquid and water vapor due to
 
aggregate cumulus and cumulonimbus clusters. The model predicts vertical
 
velocities and separates the liquid water into rain (water that falls relative
 
to the vertical velocity) and cloud (that portion of the total liquid water
 
moving with the updrafts). The fluxes of water vapor, cloud, .and rain are
 
then computed for this hypothetical cloud cluster.
 

2Preliminary work in progress at the BOMAP Office.
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Figure 4 is a relative frequency histogram for echo lengths and repre­

sents an average distribution derived from 20 days of radar data collected
 

Figure 5 gives the relative amounts of precipi­during June and July 1969. 

tation content deposited within an area of interest by various echo sizes.
 

It reveals statistically that the largest contribution to the total preci-

Only 5 percent
pitation deposited results from echoes about 30 mi long. 


10 mi long.
of the precipitation is deposited from echoes less thai 


Tests against independent data were made to further demonstrate the use­

fulness of the echo model for deriving information on the spatial and temporal 

dimensional character and intensity of precipitation echoes. Echo parameters 

derived from the statistical model are compared with echo parameters observed 

With radar for the seven echoes listed in table 1. For these comparisons,
 
robserved" represents echo parameters measured directly via radar.
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Table 1. Seven echoes used as independent tests 
on the echo statisticalmodel 

Range to
 
centroid
Echo
Time
Date
Echo (1969) (local) length (mi) of echo
 

(mi) 

A 7/22 0404 14.5 


B 7/22 0404 22.7 92
 

7/22 1555 5.8 82
 

D 7/22 1555 t 7.8 59
 

E 7/25 1557 12.3 52 

F 7/25 1557 44 64
 

G 7/27 0205 25 82
 

Figure 6 appears to reveal that there is a tendency for the model to
 

underestimate the area and height of the seven echoes (especially the larger
 

Similarly, figure 7 shows that the model generally underestimates
ones). 

the average rainfall rates derived from measured radar powers. This author
 

believes that there is a strong possibility that the smaller values obtained
 

from the model are a reflection of the sensitivity of the model to season
 

and that the morphology of the tropical echoes used in development of the
 

model differs somewhat from that associated with echoes occurring in late
 

July. Nevertheless, the comparisons are, on the average, reasonably good
 

for the relatively small number of echoes considered.
 

A more powerful test for the statistical ,model consists of comparing
 

time marches of echo area and average rain rates derived from the statistical 

model with those estimated directly from digitized gain-step 'data. Figures
 

8 through 11 represent comparisons for 3 days in June 1969. June 29 was a
 

moderately disturbed day, while the June .22 and 26 periods were relatively
 

inactive in terms of convective activity. With the exception of rain rates
 

occurring during the first 6-hour'period of June 29, remarkable agreement
 

between the model and the "observed" is evident from these four figures.
 

The discrepancy (factor of 2.6) in rainfall rate for the first 6-hour
 

period on June 29 stems largely from a data-digitizing problem. BOMEX radar 

data were digitized at a spatial resolution equal 'to 4 mi. Through digitiza­

tion a lengthy line of broken echoes was united into one large echo. The
 

nonlinear dependence of rainfall rate on echo size resulted in an appreciable
 

overestimate for this 6-hour period.
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Figure 8. 	 Echo areal coverage derived from the statistical model 
compared with that obtained directly from digitized data. 
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Figure 9. 	 Average rainfall rate over a 12, o00-m2 area for 6-hour 
intervals derived from the statistical model compared 
with those 	obtained directly from digitized'gain-step data.
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Figure 10'. 	 Echo areaL coverage derived from the statistical 
model compared with that obtained directly from 
digitized data for periods on June 22 and 25, 1969. 
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Figure 11. 	 Average rainfall rates over a 3,000-mi 29 area for 
6-hour intervals derived from the statisticalmodel 
compared with those obtained directly from digitized 
data for periods on June 22 (eft) and 25 (right). 

61
 



Conclusions
 

The following conclusions concerning tropical precipitation echoes are
 

the important ones inferred from this study:
 

(1) 	Echo length is a pertinent parameter for estimating echo
 

area and echo height.
 

(2) The exponential relationship relating the received power
 

at a gain threshold to the square root of the echo
 

area persisting at the threshold, provides a useful means
 

for deriving estimates of the spatial distribution and
 

quantity of precipitation within an echo.
 

(3) The slope and intercept coefficients required to define
 

the exponential relationship can be estimated, given the
 

echo's maximum dimension.
 

major portion of the pre-
C4) 	 As revealed by the echo model, a 

cipitation content, contained in a horizontal slice of the
 

radar echo, is distributed over a relatively small portion
 

of the total area of the radar echo. For example, about
 

80 percent of the liquid water present in a horizontal slice
 

of the echo is contained within about 17 percent of the 

total area of the cross section.
 

(5) As revealed by the model, the precipitation spectrum giving
 

the quantity of precipitation deposited within an area of
 

interest by precipitation echoes of various sizes peaks at 

an echo length of about 30 mi. Also, it is found that echo 

sizes less than 10 mi contribute only about -5percent to the 

precipitation deposited. 
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A Technique for Assessing Probable Distributions of
 
Tropical P-cipitati-on.Echo Lengths for X-Band
 

Radar From Nimbus 3 HRIR Data
 

Wolfgang D. Scherer and Michael D. Hudlow
 
BOMAP Office
 

The need for developing a procedure for simulating radar echoes from
 
Nimbus 3 satellite high-resolution infrared (HRIR) data for BOMEX arises
 
from the fact that surface radar coverage during the experiment was limited
 
to the southern half of the BOMEX volume. 
In order to derive precipitation

estimates for the entire box, a means 
for assessing probable distributions
 
of radar echoes from satellite data is needed. Once echo lengths and their
 
number are estimated, their contribution to precipitation estimates can be
 
calculated based on a three-dimensional precipitation echo model that relates
 
precipitation to echo length as described by Dr. Hudlow in his paper.
 

The results presented must be taken as preliminary, because so far we
 
have analyzed only 14 cases 
in which radar data and satellite data reasonably
matched in time were available. This desired simultaneity was usually with­
in + 15 min and never more than + 30 min. Since 14 cases do not represent
 
a large statistical sample, the absolute numbers calculated in this analysis
 
may change as more data are examined.
 

The satellite data used in this investigation are nighttime HRIR data of
 
equivalent blackbody temperatures in a Mercator projection grid. By assuming

clouds to be at essentially the same temperature as the surrounding atmos­
phere and by using an average temperature sounding derived from radiosonde
 
data for the BOMEX array, we were able to convert the temperature isopleths

to pressure levels. Certain characteristics of the areal distribution of
 
these pressure contours.were then used to stratify the HRIR data into three
 
disturbance classes: 
 Class I - the undisturbed case - no appreciable cloud
 
area higher than 450 mb above sea level; Class II - the intermediate case ­
no appreciable 
area higher than 650 mb above sea level; and Class III - the
 
disturbed case - appreciable cloud area at the 650-mb level and above. All
 
pressures refer to the pt system, i.e., they express pressure difference
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with respect to sea level pressure (Rasmusson, 1971).
 

Statistics of dimensional characteristics of radar echoes for BOMEX
 

show a correlation between the degree of disturbance and the summit height
 

of observed radar echoes. Dr. Mike Hudlw 'howsl that the summit height
 

of radar echoes is correlated with the echo length (correlation coefficient,
 
0.84), i.e., the greater the echo length, the greater is the degree of dis­

turbance and the accompanying precipitation. Therefore, for the tropics it
 

seems reasonable to expect a good correlation between cloud height and area
 

as derived from HRIR data and the degree of convective activity, if we assume
 

contamination of the satellite data due to cirrus and cirrostratus to be minor.
 

If cirrus or cirrostratus does exist over large areas at altitudes greater
 
we assume that it is associated
than 650.mb above sea level (about 30,000 ft), 


with cumulonimbus activity.
 

The radar data were stratified into undisturbed, intermediate, and dis­

turbed cIhsses-cofrsponding,'tothe classes established for the satellite
 

data. Cumulative frequency distributions of radar echo lengths were derived
 

for each class and are presented in figure 1. Although the cases in which
 

both radar and satellite data were available are too few, these frequency
 

distributions compare favorably with other frequency distributions for the
 

BOMEX volume derived for a different time period and from larger amounts of
 

radar data (Hudlow, 1970).
 

Next, comparisons of the average radar echo area with the average satel­

lite cloud area for each class (degree of disturbance) were made. The HRIR
 

cloud area was measured at various pressure levels. These comparisons,
 

shown in figure 2, were made for 20,000-mi
2 areas located within 150 mi of
 

the radar sites; an example is shown in figure 3. Since the radar echo area
 

increases with the degree of disturbance, the ratio of radar echo area to
 
as
satellite.cloud area for a given fixed satellite cloud area increases the
 

degree of disturbance increases.
 

Since we calculate the ratio of echo area to cloud area, this ratio must
 

be less than 1 for physical reasons, i.e., the radar echo area must be smaller
 

than the cloud area within which it is located. This restriction limits the
 
The choice
choice for the undisturbed case to the 200-mb level (see fig. 2). 


was determined in order to
of the comparison levels for classes II and III 

maintain a constant average ratio. This constant average ratio of radar echo
 

area to satellite cloud area of 0.25 is obtained by choosing appropriate
 

pressure levels for computing this ratio. Thus, for Class I, the ratio of
 

radar echo area to satellite cloud area is derived from the 200-mb level.
 
this ratio is obtained at the 500-mb
For the intermediate and disturbed cases 


level. An areal comparison for a disturbed case on June 21, 1969, 0300 GMT,
 

is shown in figure 3 as a superposition of contoured HRIR and radar echo data
 

area in the southeast corner of the BOMEX box subtending approximately
within an 

20,000 mi2 . The reasonably good overlap of the 500-mb contours and the radar
 

echoes (shaded regions) indicates relatively small geographical gridding errors.
 

1 Work in progress at the BOMAP Office.
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Figure 2. Radar - HRIR area comparisons.
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Figure 3. Superposition of radar echoes on a contoured BR)]? map. 

Once the comparison levels and the ratio of radar echo area to satellite 
cloud area have been established, the procedure for obtaining precipitation
 

estimates for a chosen mesoscale tropical region is as follows:
 

(1) Select class according to degree of disturbance based on
 

HRIR criteria.
 

(2) Compute HRIR cloud area (a) subtended by the 200-rob contour 
for Class I and (b) subtended by the 500-mb contour for
 

Classes II and III. 

(3) Estimate total radar echo area via average radar-satellite
 

ratio.
 
(4) Derive by a reiteration procedure the number of echoes of 

various sizes from the average distribution of echo lengths 
appropriate for the class of disturbance (fig. 1) and the 
statistical relationship between echo area and echo length,
 

as discussed by Dr. Hudlow.
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(S) Estimate precipitation from the echo lengths and their
 
distritution, based on a three-dimensional precipitation
 
model.. \
 

Figures 4 and'S show some results and tests of this procedure through
 
step.4 for-.a disturbed and an intermediate case, respectively. The predicted
 
total echo areas for the two test cases agree well with the actually observed
 
echo areas. However, there is a proportionally larger difference betweefi
 
the total number of predicted- echoes and the total number of observed echoes.
 
This,discrepancy is further reflected in the histograms, which show both the
 
number of ,observed and predicted echoes in variou' length classes.. The 

disagreement between the observed and predicted teicf-humb s s-a ii4tion 
at least pa-rtly, of the inadequate number of casi ana yed for he dervation 
of the echo length frequency distributions and the relationship linking 
statistically the area and length of a radar 'echo. 
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Figure 4. 	 Cohi-arison of observed Figure 5. Comparison of observed 
radar echo Zengths and radar echo l.engths and 
echo Zengths simulated echo lengths-simulated 
from BRIR data (die- from BRIR data ('inte'­
turbed case)., mediate case). 
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Analysis of Radiosonde Humidity Errors Based orl BOMEX Data
 

H.L. Crutcher, National Climatic Center
 
L.D. Sanders and J.T. Sullivan, BOMAP Office
 

Introduction
 

The carbon hygristor currently used in United States radiosondes has
 
been found to yield incorrect humidities because the temperature of the
 
hygristor and of the air passing through the hygristor duct differ from that
 

sensed by the outrigger thermistor.
 of the ambient air as 


The temperature difference stems mainly from heating of the black hygris­
tot by solar radiation, by heat transfer from the sonde package, and from
 
thermal lag of the-hygristor as the sonde ascends (or descends in the case of
 
the dropsonde) through the atmosphere with' its temperature changes. The
 
problem is further aggravated by the reduction in the rate of airflow through
 
the-hygristor duct of the radiosonde and a resultant reduction,fn heat transfer
 
rate from hygristor to air, thereby increasing the thermal lag time.- Also,
 
thermal conditioning of the radiosonde before release apparently contributes
 
to an initial hygristor temperature anomaly in the lowest 50 mb of the
 
sounding.
 

Humidity errors resulting from the heating effect on the hygristor have
 
been noted by Wallace and Chang (1969), Teweles (1970), Morrissey and
 
Brousaides (1970), and Ostapoff, Shinners, and Augstein (1970). Bunker (1953),
 
Mathews (1965), Morrissey and Brousaides (1970), and Harney (1971) have
 
discussed the problems of thermal lag and ventilation. Teweles (1970) listed
 
modificitions to the duct that have been suggested in order to minimize the
 
radiation errors and to reduce the thermal lag of the hygristor by increasing
 
the ventilation rate. An improved duct has been designed and is planned to
 
be in operational use by the latter part of 1971 or early 1972. The duct
 
will be fabricated of material more opaque to solar radiation, will have a
 
blackened interior, a substantial improvement in ventilation rate, and will
 
have a separate duct channel beneath the hygristor duct to insulate it from
 
the rest of the sonde package. It is expected that these modifications will
 
substantially reduce the errors due toheating of the hygristor by solar
 
radiation and by heat transfer from the sonde package. The error due to
 
thermal lag of the hygristor will be substantially reduced by the improved
 
ventilation, but will still exist.
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The hygristor is an excellent sensor of the true humidity of an air
 
sample. However, if the hygristor and the sensed air sample in its immediate
 
vicinity have temperatures different fronrthe-ambient free-air temperature, 
the sensed relative humidity will not represent the humidity of the free air,
 
but rather the humidity the ambient air would have if its temperature were
 
changed to that of the hygristor. Thus, when the sensor relative humidity is
 
related to the ambient-air temperature as measured by the thermistor, the
 
sensed and computed relative humidity will be too low if the hygristor temper­
ature is higher than the ambient free-air temperature. The converse is also
 
true.
 

In the case of the ascending radiosonde,three effects are quite notice­
able: the effects of solar and package heating, the effect of thermal lag,
 
and the effect of pre-release thermal conditions. The thermal lag, in response
 
to decreasing temperature, causes the hygristor to yield both day and night
 
humidity values that are too low. The solar effect, of course, is absent at 
night. The lag effect will approach zero in isothermal conditions and will
 
reverse sign in inversions. Depending upon conditions before release, the
 
sonde package may be either warmer or colder than the air temperature at re­
lease, causing humidity errors of either sign. This effect may manifest itself
 
in an abrupt decrease of specific humidity from the surface value, based on
 
psychrometric observations aboard ship, to the first point of the sounding,
 
and unusually low humidities through the lowest 50 mb -(approximate).
 

In the case of dropsondes, the hygristor is mounted on an outrigger and
 
the resulting five- to ten-fold increase in its ventilation rate compared 
with that of the radiosonde substantially reduces the daytime solar radiation
 
and package heating errors. The thermal lag effect will give an error of
 
opposite sign to that given by the radiosonde. The net effects of the greater
 
dropsonde ventilation rate (shorter lag time) and higher rate of change .of 
temperature because of the dropsonde's fall speed tend to offset each other, 
however, and give a humidity error caused by lag that is of approximately the 
same magnitude as the radiosonde's. Thus, if simultaneous nighttime radio­
sonde and dropsonde soundings at the same location were available, these could
 
be used to evaluate the lag corrections required for both instruments to
 
bring the two humidity soundings into agreement.
 

Correction Procedure
 

Equiprobability Transformation -- Figure 1 schematically illustrates a 
procedure by which one set of biased measurements can be modified. The curves
 
shown represent cumulative percent frequency distributions of specific humi­
dity obtained during BOMEX from aircraft and radiosondes, nighttime and day­
time, in the lowest 300 m of the soundings. These have been measured at the
 
same position in time and space. The best set, the aircraft data, is consi­
dered the master set.
 

If we are interested only in averages, then the.modifying procedure
 
would be to change the 50th percentile values of the radiosonde distributions
 
to the B0th percentile value of the aircraft data. Thus, a 14.0 g/kg value
 
for the night radiosonde distribution and the 16.6 g/kg value for the day
 
radiosonde distribution would be increased to about 17.8 g/kg for the aircraft
 
distribution. In figure 1, the arrows at (a) of the 50th percentile from
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_____ 

0 

14.0 g/kg-upward and then horizontally to the "A curvd and then downward.
 
1illustrate this.
 

If we wish to modify an individual reading, we can usethe following
 
technique. Let us suppose, for example, that a 13.6 g/kg, eading is, obtained­
from the day radiosonde CRD) sounding. We then proceed upward from 1.3.6 g/kg
 
to the radiosonde day curve. The intersection occurs at about 0.33 on the
 
cumuldtive'percent-frequency curve. We then go to the salie cumutlative percent
 
frequency on the aircraft curve, and from this intersection proceed dowhward
 
to the abs'cissa at 17.6 g/kg. The daytime curve can 'be modified to -the' -:
 

nighttime curve value at 16.3 g/kg, or both can be modified to the 'l7.6-g/kg'
 
aircraft value.
 

The difference between the aircraft (A) and nighttime radiosonde (RN)
 
distribution curves in figure 1 reflects the thermal lag effect. The differ­
ence between the radiosonde (RN) and day (RD) curves reflects the solar
 
radiation effect and, possibly, thermal conditioning before release....
 

Lag Corrections -- From Middleton and Spilhaus (1953), the f6llowing 
approximation is derived: 

-(Th-Ta)2 	 (Th-Ta)1 e t/x - (l-e-t/x), (1) 

1.00 

-RD.R 
0.80 

=060 
(a)Arcraft Median (or mean value)
 

t 0 be used in every case(.­

0~.0 (b) 110--RH, D-10-A: or RN)--A (b 

-­
0.20 __ _ 

E 

10.0 11.0 12.0 13.0 
 14.0 15.0 260 17.0 18.0 (g/kg) 

Q (Specific Humidity)---

Figure 1. 	 Schematic of proposed procedure for correction of BOMEX 
radiosonde humidity data. Curves represent actual cum­
ulative frequency (empirical probability) distributions 
of specific humidity from daytime radiosonde (RD), night­
time radiosonde (RN), and aircraft measurements CA). 
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where Th is the hygristor temperature in 'C, Ta is the temperature of the
 
ambient air in 'C (as sensed by the thermistor), and t is the time in seconds
 
since the previous point in the sounding, The time lapse rate term S equals 
ATa/At and is assumed to be a constant between each pair of consecutive
 
points. The lag constant in seconds is X; subscripts 1 and 2 denote values
 
at successive points in the sounding.
 

An initial approximation.to the lag constant.X as determined by Glaser
 
(Teweles, 1970) was considered to be about 30 sec but it does vary with air
 
density and ventilation rate. From lag constant calibration data for ther­
mistors ana application to BOMEX soundings, the following tentative relation­
ship has been derived:
 

A = 34.9(pVv)-0.4 , (2) 

where p is the air density in kg/m3 and Vv is the ventilation rate in
 
meters per second.
 

The ventilation rate for the National Weather Service radiosonde has been 
determined by Ostapoff et al. (1970; see also Teweles, 1970) to be 28 to 33 
percent of the ascent rate, i.e., approximately 

Vv(R/S) = 0.3 A, (Sa) 

where A is the ascent rate in meters per second.
 

As noted earlier, the dropsonde hygristor was mounted on an outrigger arm
 
directly in the airstream and ventilated at the fall velocity (approximately)

7.5 to 11.5 m/sec). Because the descent rates were not readily available for
 
the BOMEX dropsondes, an approximate equation was derived from a small sample
 
that gives the descent rate as a function of air density. Vertical air motions
 
were ignored. The validity of this equation,
 

Vv(D/S) = 8.7 p-0.6 (3b) 

will be tested further with a larger 'sample and modified as required.
 

By substituting equations (Sa) and (3b) into equation (2), we obtain the
 
respective lag constants for the radiosondeXR,and for the dropsondeXD:
 

-0 4
AR = 34.9 (0.3 p A) . (4a) 

-0 4 ,
= 56.5 (p A) .
 

and
 

-0 16  
XD = 14.7 p . (4b)
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The true ambient relative humidity at the ambient thermistor temperature, 
Ta, can be written
 

(5)'(RH)a= {es(Th) / es(Ta)} (RH)i , 


where (RH)i is the indicated relative humidity, and es(Th) and es(Ta) are the
 

saturation vapor pressures at the hygristor temperature and at ambient-.air
 

temperature, respectively.
 

The above equations and their constants have been derived from the limited
 

calibration data available, from a small set of data from BOMEX Period III
 
(June 19 - July 2, 1969), and from results of previous work on this problem.
 

They should therefore be considered preliminary and tentative, subject to
 

change as this study progresses. Forthcoming BOMAP publications on this
 
subject will be more specific,and precise, and will contain supporting data
 

from the literature as well as from BOMEX.
 

Pre-release Thermal Conditioning Errors -- Evidence exists,that pre­

release heating or cooling may cause humidity errors that affect the.lower
 
levels of the radiosonde soundings. Specifically, in some instances there
 

appears to be heating from the ship's deck and superstructure; in others,
 

cooling from the deck or from keeping the radiosonde in a cool room before
 

release. This problem must be studied in more detail.
 

Solar Radiation Correction -- In order to evaluate the humidity error
 

caused by solar heating of the hygristor and sonde package, we must first
 

remove the errors due to thermal lag of the hygristor and to pre-release
 

thermal conditioning. Evaluation of the magnitude of this error due to
 

solar heating, and corrective procedures, will be covered in future reports.
 

Effects other than those mentioned above'
Correction of Other Errors --

are believed to be less significant and are given a lower priority for the
 

present. These include heat generated by the sonde's battery and electronic
 

components, entrainment of the heated wake of the balloon-into the hygristor
 

duct, variation of ventilation rate caused by the swinging of the sonde
 

(Harney, 1971), wet-bulteffect of the thermistor when the sonde passes from
 

cloud to dry warm air in and above the inversion, and pressure sensor errors
 

due to drift and hysteresis. In addition, there aro the residual instrumen­

tal errors inherent in the manufacturing process. These effects will be
 
analyzed as time;permits.
 

Results of the Lag Correction Procedures
 

The equations given in the preceding section have been used in modifying
 

the BOMEX radiosonde and dropsohde humidity data shown in figures 2 through 4.
 

Figure 2 shows the radiosonde, dropsonde, and aircraft data from and near the
 

Oceanographer on June 26, 1969, during the night. Included are the radiosonde
 
and dropsonde temperature data, identified as TR and TD, and specific humidity
 

data, identified as R and D. The'soundings are shown from about 1,020 mb
 

(1.02 bar) to 750 mb (.75 bar). The abscissa scale is broken in order for
 
both temperature and specific humidity data to be shown.
 

72
 



In figure 2, the radiosonde unmodified data are represented by the heavy

broken line marked R, while the dropsonde unmodified data are identified by

the dotted line marked D. The corrected humidity profiles are marked Rc and
 
Dc, respectively. The aircraft data are shown at about 300, 1,300, and 2,300
 
m above sea level and are identified by solid circles and triangles. The
 
circles indicate data obtained from a Cambridge Systems dew-point hygrometer;

the triangles indicate data obtained from an infrared hygrometer. The times
 
of observation,for the radiosonde and dropsonde are, respectively, 0302 and
 
0235 GMT and for the aircraft 0212, 0242, 0554,. and 0624 GMT. The airc±aft
 
was in the air more than 5 hours. The corrections to the curves are general­
ly in the right direction, but at some levels there is an over-correction.
 
The fact that the two soundings are removed in time and space by about hour
 
and 50 n mi may have some-.bearing on this.
 

Figure 3 illustrates -another set of nighttime soundings, made on June 24,
1969. The ship is the Discoverer in the southeast corner of the BOMEX array. 
Here the corrected humidity profiles show good,agreement only below 960 mb 
and near 850 rob, beneath the inversion. The difference in the corrected , 
curves between these two levels may be the result of insufficient corrections, 
or may represent true differences orer the 50-n-mi separation between the 
two soundings.. The aircraft data in this case appear low, but they were 
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Figurd 2. 	Radiosonde and dropsonde temperatures and specific hiu­
midities, before and after correction for thermal Zag 
of hygristor, compared with aircraft-measured specific 
humidity. Nighttime soundings, June 26, 1969. 
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obtained from the DC-6 39C aircraft of NOAA's Research Flight Facility.(RFF)
 
and are known to be -less reliable than data from the RFF DC-6 40C. 'The anomaly

in the r'adiosondd. temperatuie curve near 840 mb is presumably created by (a)

evaporative cooling at the top of clouds and/or (b) the "wet-bulb effect"
 
resulting from evaporation of moisture collected on the thermistor during
 
ascent througW"the clouds.
 

The-daytime-pair. of- soundings in figure 4-perh'aps better illustrates the 
modifying procedure.' The soundings were made at and near the Oceanographer 
on June 29, 1969.,- Here, the sounding modification requires further correction;
This, obviously, is the .coirection required for the solar heating effect"on
 
the radiosonde hygristo: iAlso, apparent heating effects ifrom the ship's deck
 
and superstructure are sebeb. in both the radiosonde temperature and humidity
 
curves. The surface-temperature and humidity 'eadings are thdse from the
 
shipboard sling psychr6meter rather than from the radiosonde.
 

Summary
 

Radiasonds and dropsondes currently used in the United States yield
incorrect humidities for several reasons. For the radiosonde these include 
the effects of solar radiation during the day, inadequdte ventilation, and
 
thermal lag in the hygristors. For the dropsonde, the error is due mainly
 
to thermal lag,
 

Lag corrective procedures have been established, and tentative lag con­
stants determined. Results appear to be satisfactory, but a second evaluation
 
of the constants in the lag correction equations, based on a larger data
 
sample, will be made before.final modifications of the BOMEX soundings.
 

Other effects, such ,s those of solar radiation, package heating, and
 
pre-release thermal conditioning, are being checked and will be covered in
 
subsequent reports.
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PI. TEMPORARY BOMEX nATA ARCHIVE -32738
 

-To,reCeive, conserve, and disseminate BOMEX data,.a special archive was
 
established byNOAA's'.Environmental Data Service in February 1971. 
 Data that
 
had been sufficiently processed, reduced, and documented at that time were
 
transferred from the BOMAP Office to the temporary archive. 
 It is defined as 
"temporary" since much of the data are made available at 
an early state in
 
the continuing BOMAP-processing activity. -As this processing cycle is fin­
ished, a permanent archive will be established, containing all data of general

interest, whether originally collected by government facilities or by univer­
sity and private organizations.
 
. A detailed description of the archived data, including processing and'
 

reduction procedures and inventory tables, will be contained in a forthcoming

NOAA Thchnical-Report to be issued by the Environmental Data Service. 
Once
 
published, this report will be furnished every user requesting data from the 
archive. Pending publication of this report, users of BOEX data are referred
 
to BOMEX Bulletin No. 9, which contains a first edition of the inventory 
tables,. as well as ordering instructions and costs. The following tables Ofsupplementary items that have been deposited in the archive since the initial
 
announcement appear on the next few pages in the same form they appeared in
 
BOMEX Bulletin No. 9:
 

Fixed-Ship Salinity/Temperature/Depth and Sea Surface Temperature Data,
 
table 3-5;
 

Island, Discoverer, Air ForceWB-47, Navy WC-121, RFF DC-6 ,39C, 
RFF DC-6 40C, and RFF DC-4 82E Radar Data table 3-7; and
 

RFF Aircraft Cloud Photography Data, table 3-8.
 

Explanatory material concerning each category of archived data not found
 
in BOMEX Bulletin No. 9 is available on microfilm.
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Table 3;5. Fixed-Ship Salinity/Temperature/Depth and Sea Surface Temperature Observed Data Inventory«
 

(Additional STD 8 sps Data Indicated by Asterisk)
 

Order by I Date and time Date and time i 
Archived of first ob- oflast ob- Duplication atf
desig- I Name 
form of Contents servation,1969 servation,1969 c t dat for ination of 


1,2 distribution
in this skip data cost 

column 
 Date Hr:Min Date Kr:Min
 

59045* jOceanographer Magnetic STD 8 sps Data June 20 1022 June 24 2106 $60.00 per 2/1/71
 
C tape magnetic'tape 

(includes 
cost of reel) 

B9046* " 25 ,0053 30 '0910 II ,I" 
B9o08 " July 11 1011 July 17 2111 
B9009 , " 18 0056 21' 2223B9010 , "22 0067 25 2123 i 

" " " 26 0056 29 0316B9011 


June 21 0118 July 2 0121 " 
1B9044* Rainier" 


_00 

B9047i* Mt. Mitchell 20 13 0212 " " 

59040* Discoverer " " 21 0106 June 26 2100 I "
 
B9041* " " " 27 0059 July 2 1156
 
B9005 " " " July 11 0558 17 2100
 
B9006 "' ". 18 0000 23 2100
 
b9097 " " 2" 24 0000 27 1520 " "
 

B9042* Rockaway " 'June 19 2143 June 25 .1225 "
 
B9043* " " 26 0304 July 2 1228 " I,
 

When ordering magnetic tape, specify (A) 7 channel;'BCD; 556 or 800-BPI; or (B) 9 channel; EBCDIC; 800 BPI.
 
(On special request, a 7 channel, BCD, 200 BPI magnetic tape copy i's available at A cost of.$180.00 per
 
order number in.the far left column.)
 

A computer tabulation of all 8 sps data on 6ne'of the magnetic tapes (B9005 to B9011) is also available.
 
When ordering a printout, specify magnetic tape number, ship's name, date and time of first observation
 
.and date and time of last observation. Example: "Listi,g.of B9.005, Di.scoverer, July 11/0558, July 17/
 
2100." Cost is.$30.00 permagnetic tape printout..
 

http:is.$30.00
http:of.$180.00


Table 3-7. 	 Addition to Island, Discoverer, Air Force WB-47, Navy WC-121, RFF DC-6 39C,

RFF DC-6 40C, and REF DC-4 82ERadar Data inventory
 

Order by 	 Date and time 
 Date and time 	 2
 
reelof 	 first frame of last frame Duplication cost Availability

ininlththis facquisition Cal art fdate 	 for
araauit o;alendar Hr:Min Calendar Hr:Min Registered Nonregistered distribution
 
column 1 
 date, 1969 date, 1969 
 R
 

(GMT) (GMT)

187 APS-20 RFF DC-6 390 
 July 11 1438 July 11 2112 $20.00 $9.00 2/8/71
188 WP-10l " II 11 1433 .11 1719 "" 

189 APS-20 RFF DC-6 400 11 1554 11 2004 " 
190 WP-l01 	 1 1121 11 1816 " " 191l 11 1818 11 2208 " " i,
192 RDR-1 " 11 1334 II11 1817 " 
 "
 
193 " " " 11 1818 " 11 2210 	 it ,, 

194 RDR-I RFF DC-6 39C 13 1355 13 2000 	 It
 
195 " 	 "1 
 13 2001 r' 13 2225
 

196 APS-20 RFF DC-6 40C 	 13 1431 13 2223 
 "t 	 "
 
-4 197 WP-101 " 13 1230 13 1933 	 ,198 13 1934 13 2226 It 

199 RDR-1 I 13 1232 i 13 2034 " " i 
200 t It 13 2035 13 2226 "I t 

201 APS-42 RFF DC-4 82E 	 13 1225 "i 13 1507 "
 

202 APS-20 RFF DC-6 390 	 14 1430 14 2345 "
 
203 RDR-I it 	 14 1335 14 2021 " It 
204 V It 14 2023 " 14 2345 it "1 it 

205 APS-20 RFF DC-6 40C 14 2120 1 14 2345 	 if 
206 WP-101l 	 14 1448 14 2105 " I "
 
207 " , t' 14 2106 14 2353 , ,,
208 RDR-l it 14 1339 V 14 2104 it " i 
209 t 14 2104 '4 2353
 

1Radar film 	will be sent as a positive copy.
 
2When ordering radar film, specify registered or nonregistered copy. Allow 3 weeks for delivery of registered and
 
2 weeks for delivery of nonregistered film after receipt of request.
 



Table 3-7. Addition to Island, Discoverer, Air Force WB-47, Navy WC-121, RFF DC-6 39C,
 
RFF DC-6 40C, and REF DC-4 82E Radar Data inventory (continued)
 

Order by 
reel No. 
inthis 
column 

Type 

of 
radar 

Data 

acqu sition 
uni1 1 

Date and time Date and time 
of first frame of last frame-

.Caledar. Calendar 
date, 1969 Hr:Min date, 1969 Hr.-in 

Duplication cost 

Nonregistered 

Availability 

date for 
distribution 

210 APS-42 RFF C-4 82E July 15 1210 July 15 1702 $20.00 $9.00 2/8/71 

211 
212 
213 

APS-20 
RDR-1"" 

IS 

R DC-6 39C 

" 

" 18 
18 
18 

1145 
1145 
1546 

" 18 
18 
18 

2013 
1845 
2013 

" 

I S1 

11 

00 

214 
215 
216 
217 
218 
219 

APS-20 
I 

WP-l01 
1, 

RDR=I 
1 

RFF DC-6 40C 
I" 

" 

" 
" 

18 
18 
18 
18 
18 
18 

1136 
2002 
1323 
1518 
1116 
1523 

" 

" 

" 

18 
18 
18 
18 
18 
18 

1921 
2128 
1352 
2128 
1522 
2128 

if 

" 

I" 
I 

If 

" 

" 

I" 

S 

220 APS-42 RFF DC-4 82E 18 1114 18 2053 " " 

221 
222 
223 

APS-20 
WP-I0Il 
RDR-I 

RFF DC-6 40C " 
" 

20 
20 
20 

1636 
1521 
1520 

" 
I 
I 

20 
20 
20 

2218 
2223 
2223 

" 

it 

" 
o1 
It 

" 
,, 

224 APS-42 RFF D-4 82E i 21 1309 i 21 1743 1 i 

225 
226 
227 
228 
229 

APS-20 
WP-lol 

" 
I 

RFF DC-6 40C 
" 
, 
" 
" 

' 

'I 

" 
" 

23 
23 
23 
23 
23 

1502 
1240 
1937 
1240 
1933 

" 23 
1, 23 
1 23 
" 23 
" 23 

2223 
1935 
2223 
1932 
2223 

i 
" 
" 
I 
" 

i 
I 

i 
it 

i" 

i 
" 

I 

230 APS-42 RFF DC-4 82E it 23 1240 " 23 2129 ,l It 

1Radar film will be sent as a positive copy. 
2When ordering radar film, specify registered or nonregistered copy. Allow 3 weeks for delivery of registered and 
2 weeks for delivery of nonregistered film after receipt of request. 



Table 3-7. Addition to Island, DiscoVerer,'Air Force WB-47, Navy WC-121, RFF DC-6 39C,

RFF DC-6 40C, and REF-DC--482E Radar Data inventory (continued)
 

Order by
reel No. 
in thisconhs 
column V-

Type 
6f.radar 

Data 
aqiiin0,6iit -

Date and time 
of first frame 

~ frtfae.Calendar; 
date,i169 Hr:Min 

Date and time 
of last frame 
o atfaedateCalendar 

date, 19g9 Hr:Min 

Duplication cost 2 

Registered Nonregistered 

Availability 
for.dt o 

distribution 

231 
232 
233 
234 

RR-l 
i 

'I'' ' 

RFFDC-6 39C 
n 

July 
" 
1 
" 

25 
25 
26 
25 

(GMT) 
1016' 
1720 
1324 
2006 

July 
') 

It 
" 

25 
25 
26 
26 

(GMT) 
1720 
2154' 
2006 
0017 

$20.00 
"" 

U 

$9.00 

" 

2/8/71 

t" 

00 235 APS-20 RFF DC-6 40C 26 1028 " 26 2000 
236 
237 
238 
239 

WPIOI 
. 

RDR-1 
" 

"' 
It 
" 

" 
1 

" 

26 
26 
26 
26 

1011 
1707 
1012 
1705 

" 

" 

26 
26" 
26 
26 

1706 
2003 
1704 
2000 

" 
U 

it 
" 

" 
It 
1' 

" 

240 APS-42 RFF DC-4 82E " 26 0916 26 1615 " I 

241 
242 

WP-101 
i t 

RFF DC-6 39C " 
". 

28 
28 

1435 
2144 

" 
" 

28 
28 

2143 
2351 

" 
"" 

" i 

243 
244. 

RbR-l 
4 

" 

" 

28 
28 

1435 
2143 

'" 
"1 

28 
28 

2142 
2351 

"" 
" It 

1Radar film will be sent as a positive copy. "
 
2When ordering radarfilm, specify,,registered,.or nonregistered,copy. Allow 3 weeks for delivery of registered and
'2weeks for delivery of nonregistered film after ireceipt of request.
 

http:specify,,registered,.or


Table 3-8. Additions to RFF Aircraft Cloud Photograph Data Inventory
 

Contents of reel
 

Order by
desig-
nation 
in thiscolumn 

Film 
Aircraft 

tyaem...... 

Type 
of 
camera 

Date andLtime 
of first frame 

Calendar Hr:Min
Date, 1969 (GMT) 

Date and time 
of last frame 

Calendar Hr:Min
Date, 1969 (GMT) 

RFF 
flight
No. 

Distri" 
Distri-
bution 
cost 

Aailabilit 
Availability 
date for
distribution 

713 AF 

714 AF 
718 AF 
720 AF 
723 AF 
726 AF 
728 AF 

16-mm 
400-ft 
reel, 
color 

t 
"I 
" 
" 
f 
" 

RFF DC-6 39C 

" 

I 
i 
I 
" 

Nose 

I 
I" 

I 
is 
I 

July 13 

14 
18 
20 
23 
26 
28 

1338 

1430 
1235 
1457 
1229 
1258 
1418 

July 13 

14 
18 
20 
23 
26 
28 

22-35 

2230 
2018 
2152 
2118 
2212 
2230 

690713 

690714 
690718 
690720 
690723 
690726 
690728 

$108.00 
per 400-ft 
reel 

" 
It 
I 
It 
If 
It 

1/24/71 

" 

*I 

713 AR 

718 AR 

723 AR 

35-mm 
800-ft 
reel, 

'bl-ack & 
white 

RFFDC-6 39C Right side 
camera 

July 13 

18 

23 

1201 

1108 

1227 

July 14 

20 

25 

2230 

2152 

2037 

690713 
690714 

690718 
690720 
690723 

$88.00 per 
800-ft reel 

726 AR 26 1257 28 2219 
690725 
690726 
690728 

" 

713 AL 

718 AL 

" RFF DC-6 39C Left side 
7 camera 

July 13 

18 

1201 

1108 

July 14 

20 

2215 

2152 

690713 
690714 
690718 " i 

723 AL " 23 1227 25 2021 
690720 
690723 4 1 

726 AL If 26 1257 28 2230 
690725 
690726 If 
690728 

Allow 4 to 6 weeks delivery after receipt of request. 



Table 3-8. 
Additions to RFF Aircraft Cloud Photograph Data Inventory (continued)
 

'Cbntents of r6el
 
Order by 
 DAte and time 'Date and time
 
nation Film 
 Type. offirst frame of last frame 
 RFF. Distri: Availabilit
nati type Aircraft 	 of 
 flight butionf date for
in this 	 Camera 
 No. cost distributfo

column 1 Calendar- Hr:Min Calendar%,Hr:Min N
 

Date, 1969 (GMT) Date, 1969 (GMT)-,,­

1713 BF' 16-mm RFF DC-6 40C Nose July 13 - 1024 July 13 
 2140 •690713 $108.00 per 1/24/71

400-ft 
 400-ft reel
 
reel,
 
color
 

714 BF 
 14 1314 14 1802 	 690714
.718 BF " 	 .
" 	 18 1135 18 1305 6907i8 '
 720 BF 	 " 4 20 1513 20 2159 	 690720 "
 723 BF i 	 IU 	 23 123d 23 1351 -690723b. 726 BF " [ 26 1012 26 1728 690726 	 it 
51.1 BR 35-rqm RFF DC-6 40C 	 Right side May 11 
 1020 May 12 2125 690511 $88.00 per
800-ft 	 camera 
 690512 800-ft reel
 

reel,
 
black &
 
-white
 

711 BL RFF DC-6,40C, 	 Left side July 11 1334 
 July 11 0518 690711
 
camera
713 BL' 
 13 1200 14 2209 	 690713


.718 BL 
 1100 	 " 2227 69071-4
h"18 	 20. 690718
 

723 BL " 	 690720
" 
 23, 1230 26, 2007 	 690723 "I
 
690726
 

IAllow 4 to 6 weeks for delivery after receipt of request.
 



IV. ANNOUNCEMENT
 

Research based on BOMEX data is progressing in government and 
university
 

laboratories, but these programs will exploit only part 
of the research po-


To take advantage of this scientific resource, NOAA
 tential available. 

recently announced that it is prepared to assist 

graduate students in atmos­

pheric science and oceanography to visit the BOMAP Office 
in order to examine
 

data, confer with the BOMAP staff, and identify data 
sets to be requested for
 

To this end, NOAA offers to provide round-trip travel 
from
 

their research. 

anywhere in the contiguous United States, and per diem 

at the rate of $20 per
 

day for up to five days for graduate students whose 
applications are approved.
 

Inquiries should be directed to Mr. Valti W. Powell, Operations Manager,
 

BOMAP Office.
 

Since funds for this assistance program are limited, 
qualified applicants
 

will be assisted on a first-come first-serve basis. 
Applicants should have a
 

general familiarity with BOMEX (see references below), 
should identify a
 

reasonably specific research topic or area of interest 
in their letter of
 

inquiry, and should include endorsement by a faculty 
member who is familiar
 

with their qualifications and plans.
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