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Trensport of Yater Vapor by Eddy Diffusion in Continental
Mrrlanunwingmrcoutalw;m
Sept. 23, 1947 to Nov. 16, 1948

by
Andrew P. Bunker

Abstract

Measurenments of the transport of water vapor in the turbulent
layer of the atmosphere have been made from 12 series of airplane
soundings, The airplane, equipped with a psychrograph vhich recordod
dry- and wet-bulb temperstures, made ascents in the air over the
asinland and at several positions dommind over the coastal waters
of  southeastern Massachusetts., The meesured acoumulation of the
water vapor in the hamogeneous layer was uwsed to campute the net up-
ward flux of vapor per unit time and area, Values of this tremsport
in the non-steady state are given and are shown to vary with the
wind speed, Under the assumption that the flow is the net result
of the turbulent motions of the air, values of the soefficient of
mnass exshange have been computed fron the classical diffusion
equation, The magnitude of this coefficimt increases with height,
decreases with distance from shore, and depsnds on the wind speed
and on the stability of the air,
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I Introduction

The work described in this report wes ccuducted by the Wioods
Hole Oceanographic Institution with the support of the Office of
Naval Ressarch under Coatrast Néoar277, T. 0. II, Sec. A, Item
(2); The study of the transport of heat and water vapor by eddy
diffusion, Many of the plans and preparstions for the progrem of
obeervations werq mads under Contract Nobe-2083.

1, Vertical Transport of Weter Vapor in the Atmosphere

Deterninaticns of the magnitude of the vertical trensport of
propertiss in the atmosphere have received little attention in the
study of the eddy diffusion process, 7This phase of the problem has
been slighted in favor of work leading to the understanding of the
physics of diffusion. In the present work, the measurenent of the
transpart of water vapor from a large body of water to a cooler
atacsphere has been the main task. Similar studies are being made
with other thermal conditions of the air and wmater,

The msasured transport of water vapor has been interpreted, in
sccordance with present theory, as the result of the random vertical
motions of the air as it flows over the earth's surface. When parcels
of air move from coe level to ancther, they carry amounts of weter
vapor charesteristic of the level with them to the new level, If |
this process continues it results in a net trensport of water vapor
from the reglons of high moisture content to regicns of low cotent.
From this simple statement of the process operating in the atmosphere
it is apparent that (1) the rete of transport will vary greatly with’
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existing turtulence conditions, and (2) direst observation of the
notions of the transporting air or of rates of transport are im-
possible, |

Indirect methods of determining the retes of evaporetion or
transport of wmater from land and water surfaces have been devised
and used by numerocus workers esince Dalton (1802) estabdlished the
relation between ovaporation and the difference in vapor pressure
bettoen the air in contact with the water and the air at a higher
level, Others have used atmometers which give valuss of the evapore~
tion of wmter into the air. Unfortunately these values are not
identical with the transport actually ocourring in the atmosphere be~
cause these instruments do not approximate atmospheris conditions
sufficiently, Sverdrup (1936, 1937), Moutgomery (1940), Thornthmaite
and Holsman (1942), and others have used moisture and wind gradients
in conjunction with theoretical turbulence relations, such as are
swmarized by Dryden (1943), to obtein expressions for the evapora-
tion or trensport in the atmoepheres. The problem has been studied
also by observing modifications of air masses. Lettau (1937)
obtained cbservations from a free balloon., Radicsonds data wes
studied by Pétterssen (1940). Burke (1945) studied modification from
‘weather maps, redicsonds, and ship reports, developing charts for wee
as forecesting aids,

In the present work air mssses were followed by an airplane
equipped with a psychrogreph. Dry- and wet-bulb temperatures were
recorded alternately each five seconds while the plane made spirael
ascents. From these soundings, accumilations of water vapor in the
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air were obtained and rates of transpmt were detemined. These rates
of trensport are the primary object of this reeearch, and can be wsed
for forecasting rates of modification of continental air as it moves
out over the coastal wators. In applying them it must be notod that
they are true only for (1) mmnmbhmmimrm,
(2) for short distances (20-40 km) offshore and (3) uhen few or no
cumulus clouds are present, |

2, Ths Operational Use of the liamogeneous Layer of the Atmosphere

~ The water vapor that evaporates from the land or water surface of
the earth passes firet into a laminer boundary layer sbout 1 mm thick.
liclecular diffusion alone transports vapor in this layer for no turbu-
lence exists at this level, Above this skin layer, a turbulent boundary
layer extends upwards about 100 m, characterised by a logaritimic wind
distribution and trensport by eddy diffusion, Montgomery (1940)
describes theee layers in his study of evaporation.

The top of the boundary layer merges into the overlying homogeneous
layer, whose charecteristios have been studied by many workers (Rossby,
lontgomery, 1935), (Bunker, Heurwits, Malkus, Stommel, 1949). This
homogeneous layer is a natural division of the atmosphere, ususlly
500 to 1500 m thick, bounded on the top by the main body of the atmos-
phere, The stretification of the air into this natural divisiom is
soccauplished in the following manner by the turbulence of the sir,

The turbulence causes rapid mixing of the air thne produsing a neerly
dry-adiabatic teapereture lspse rete, 1075 ca™, and & small mixing
ratio gradient,-10"7 ca™l, If, ss is usually the case, the mein
stacsphere 1s stabls, then mixing will extend upwards to & height



s 5 "

depending on the energy available for mixing and the energy required
to mix the stable air. A small inversion will be produced at the
boundary of the basogeneous lager and the air above it, ‘The inversion
is stable and the turbulence and mixing is damped, thus partially
isolating the homogensous layer fram the main air mass, This char-
acteristic of small transport between the air of the homogensous layer
and the air above it has boen used in this work for determining the
flow of water vapor into the atmosphere, The assumption has been made
that & negligible amount of water vapor is mixed through the inversion
s0 that the acommlation of vapor as measured by the seriss of sound-
ings is the total mixed into the layer during the time of obeervatiom,
Thus nature has provided a convenient box with a 1id which collects
and stores the water vapor as soon a8 it eveporates from the sea.
The data collected has been exanined for soundings that could be
used as & check on the assumption of negligible transport through the
inversion, The soundings of the sexries taken on Sept. 22, 1948 can de
used for this purpose, They extended 1000 m above the top of the
homogeneous layer into the regim where the air mass was very stablse,
In the height range from 600 m to 1400 m, the potential temperature
lapee rate was + 1.1 x 20749 aa™l, The lapse rate in the thin (about
50 m) layer of boundary air between the homogensous layer and the air
above it was at least twice this. An inspection of the mixing ratio
curve (see Appendix, Fig. 22) shows thet the air gained moisture in
the hamogeneous layer while it lost moisture in the air above the
layer, This can only msan that the trensport of water vapor through
the 1400 m surface to the air above was much greater than the upward
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transport through the 600 » surface. A computation of the flow of
umvwm-mtodoomrwmmmumwum
600-1400 & region leads to a value of h.?xm"'pen"z uo"l.

This valuo, which is about 1/4 the avercse transport in the hamogeneous
layer, is represontative of the stable air aloft and is large in
coanparison t0 the transport through the boundary inversion., A
tentative valus of 10°° oy o2 sec™t moy be assigned to this trans-
port, pending further evidence., A more camplete discussion of the
Sept, 2 soundings will be found in the appendix,

The decision to uwse the homogeneous layer as a meteorological
tool in the study of wmater vapor flux by eddy diffusion was made
after a brief study of airplans soundings taken during the war years
by the M.1.T. Radistion Laboratory. These soundings, made available
by Dr. R, B, liontgomery, were being studied for the same purpose as
the present investigation, Howsver, no reliable vilues were found
sinoce the soundings extended to only 1000 ft while water vapor was
trawported to higher levels, This limitation prevented the determina-
tion of the total amount of water vapor transported and stored in the
stnosphere in a given time interval, An approximate value could be
found by using the lowsst inversion shom by radiosonds observations
taken in the region. One fault of the radiosonde made it unsuitable
for this work., Its great speed of ascent and infrequency of signal
trananiseion could cause its failure to record week invereions., The
valuss deternined from the study of the i.I.T. data have never been
- published for they were coneidered too uncertain, Now that the valuse
from the predent work are complete, a camparison of the valuse of the
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transport and of the coefficlont of turbulent mase exchange show th;
two sets to be nearly the same. PFor similar synoptic conditions the
M.I.7. data for 8 sories yielded values between 1.4 to 13 x 1076 o
o2 seo™t for the trensport and between 80 and 680 gn ca~t sec™ for
the exchange coefficient, while the present work shows valuss, in the
lowest layer, ranging fram 3.7 to 91 x 20°° gn ca™2 sec™> and 105 to

5600 gm o seot,

3. The Eddy Diffusion Equation
The camputed values of the vertical flow of water vapor and
mixing ratio gradients have been placed in the eddy diffusion equation,

Es=A 3'/9!, (1)

to obtain values of A, the coefficient of turbulent mass exchange., The
valus of A as determined from the observations insludes any influence
of convection that may be present in the atmosphere. Since both con-

" vection currents associated with cumulus clouds and “convective turbu-

lence” as defined by Priestly and Swinbank (1947) will modify the
value of A characteristic of eddy diffusion alone, it is logical to
define A by equation (1), rether than by the classical derivation®
based on eddy turtulence alone. Through this cbange, A is made to
describe the state of mixing of the stmcephere as it actually exists,
regardless of the prooess oreating the turbulence or mass exchangs,
It should not be inferred from this change in the definitimn of A that
" eddy diffusion is no lenger considered the predominating process of
diffusion in the homogensous layer. At the present time, the relative

1 See Haurwits, 1941, pp. A7-218,
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" contribution of each process cannot be evaluated.

The cbservations were taken on days vhen few or no cumulus clouds
were presont in the areas studied, This selection of working days
reduces the effect of convection currents associated with cumulus
aotivity on the camputed value of the transport of water vapor.

When using this equation it is essential to realize that its
application depends on averages taken over leng time-intervals. In
this manner the random nature of the turbulent eddy motion of the air
can be treated mathematically and the transport of properties by the
air can be expressed in tems of gradients. The mamner in which the
present observations were taken does not satisfy the condition of a
long time-interval., For the camplste satisfaction of the conditions
of the equation, several soundings should have been made at each
point along the path of the air, This was operationally impossible.
However, gradients may be determined by averaging values of the mixing
ratio over a large height range of a single sounding. The gradient
can have an intelligible meaning only when averaged over heighte
large in comparison with the turbulent eddiss responsible for the
transport of the vapor. Attempts to calsulate gredients and exchange
coefficients for small height ranges from single soundings will usually
be unsuccessful since the procedure conflicts with the large-scale
gusty nature of turbulent air, Such a method might work well in a
stable air with small-scale turbulence,

To £ind significant values of the gradient, a selection of height
ranges was made according to the ci:pomo of the mixing retio curve
with height. It was noted that near the surface and up to 100-300 a



there was a large gradient, while a smaller gradient existed from
this level to the top of the hamogeneows layer, Thus, mixing ratio
values in the height ranges 15 to 100-300 m and from 100-300 m to

the top of ihe layer were used in averaging gradients., It was
assumed that each of those natural divisions was large in camparison
with tho eddies that produced them and was suitable for averaging,

On averaging the values, tho method of the least squares was used

to determine the slope of a bt.rad.ght 1ine fitted to the cobservations,
This method was adopted not because it was expected to lead to values
of great accuracy, but rather to give an impartial value to the
grodients which are difficult to measure graphically.

Before applying equation (1) to the observations, mention should
be made of a condition found in the atmosphere that does not satisfy
the conditions required by the equation. Attempts to choose days
without convective activity were made, but some cumulus clouds occasion-
ally developed in the sounding areas, Some of these clouds may have
plerced the inversion allowing unknown amounts of moist air to leave
the hanogeneous layer, This gave erronecus values of E to be entered
into the diffusion equation,
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II Equipmont and Operational Procedure

1, Equipment

The major instrument used in this investigation is the airplane
peychrograph designed and built by the Radiation Laborstory of the
Massachusetts Institute of Technology. The entire progrem of
cbservation was planned around the use of this instrumeat. The
peychrograph will not be described here since it has been explained
adequately by Katz (1947). It is sufficient to say here that it
records alternately wet-and dry-bulb temperatures with a probable
error of £ 0,01°C, The thermal lag of the resistor elsments used
for this study is 4 seconds with a ventilation speed of 100 knots.
The housing containing the temperature sensitive elements vas
mounted on the wing strut of a Stinson Voyager. The amplifier,
recorder, batteries and vibrator were placed in the back seat of
the 4-place plane (see Figs 1 and 2)., Mr, Kenneth MoCasland oper-
ated the instrument and made altitude and airspeed notes while lir,
Uarvin Odua piloted the plane,

A similar peychrograph was made for use with a captive balloon
from a small boat., This instrument is described by Anderson (1946),
(seo Figs 3 and 4), Two amplifiers and recorders were installed so
that dry and wet-bulb temperatures could be recorded simultaneocusly,
The 1000 gn neoprene captive balloon had sufficient lift to carry the
housing and connecting wire to 100 m. Only one sounding taken by
this instrument is presented here for on many days electrical leakage
occurred through the insulation of the wire rendering the values
obtained unoertain.
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FIG.1 - PSYCHROGRAPH HOUSING BEING MOUNTED ON WING STRUT.




FI1G.2- AMPLIFIER AND RECORDER FITTED INTO PLANE.



\
FI1G.3- CAPTIVE BALLOON AND PSYCHROGRAPH HOUSING.
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Pilot balloon observations were made in tho usual mannor as
prescribed by the U, S. iisather Dureau (1942), except tiat 30-
second time intervals were used,

llater temperatures were taken either by a dip bucket thermometer
or by a bathythermograph, This instrunent records water temperature
against depth on a smoked glass slide. Information concerning the
bathythermograph may be found in a Preliminary Instruction Book (1945).

The only other instrunents used by the project are; (1) a sling
peychrometer, (2) the plane's altimeter, (3) the plane's air speed
indicator, (4) an anemometer, and (5) a mecurial barcmeter,

2, Operationsal Procedure

The first step in the day's work, once it has been decided that
the day is suitable for observations, is to determine the present
ldpd and check with the wind forecast as broadcast by the U. S,
woeather Bureau. The winds aloft are computed from the pilot ballcon
observation taken early in the moming. Fram these and any changes
in wind directions mentioned in the forecast, a probable trajectory
of air moving offshore is determined. A distance interval domstream
between soundings is decided upon eo.that. measurenments will be made
in nsarly the sane air mass, thus reducing any advection effects that
way be pressnt. A sories of observation points is located that
satisfies the trajectory of the air, the proper spacing of the sounding,
and that allows the single-engined plane to circle near an island or
lightship for safety,

The observer proceeds to the airport, installs the psychrograph
equipment in the plane, receives any last minute changes in tho' course,
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and takes off, Upon arriving at the solected spot overland a 500

yard radius spiral ascent is started fram about a 200 foot altitude.
The pilot attemptes to maintain a 70 knot air speed and a 200 foot per
mimte climb, The observer makes altitude chock marks on the recorder
paper and keeps a log of altitude, air speed, roughness, cloud amounts,
etc. The ascent is comtinued until it is noticed, either from the
peychrograph record or from the sudden entry into the smooth air above
the turbulent layer, that the inversion at the top of the hamogeneous
layer is reached. The climb is continued another few hundred feet
before leaving the location for the next sounding area, Here the same
procedure is repeated except that the plane is fiown much closer to
the water than to the land surface. Each series of observations con-
sists of two to four soundings., Figure 5 is a photograph of a U, S,
Coast and Geodetic Survey chart showing an area frequently used for
soundings, iiire springs of the proper diameter were cut at the correct
height to depict the 500 yard radius spiral made by tho airplane as it
climbed to the top of the homogeneous layer,

The second observer either remainsd on the Institution dock making
wind aloft and water temperature observations or proceeded to the
sounding area with a boat equipped with a balloon psychrograph and
bathythermograph, With these instruments, water temperatures were
obtained from the bottan of the bay or sound to the surface, and wet-
and dry-bulb temperatures were obtained from 1 meter above the surface
to 100 m. To assure ease of operating and freedom from salt spray the
balloon soundings were made runmning dormwind,
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III Roduction of Data

1., Adrplane Soundings

Methods of reducing the airplane obsorvations were devised for
detormining rapidly the various elements desired and at the samo time
assuring thot no fictious gradients or errors (sre introduccd by
appraximations, Spocd of roduction was ossential for over 600 compu~
tations are required for the average sounding, A list of the observed
valuss fron vhich the computations are made is as followej (1) the
nilliaometer reading of the dry and wet bulb resistances, (2) the
indicatod air speed, and (3) the altimeter reading,.

" a) Dry- and Vet-Bulb Temperatures

The milliammeter readincs wore reduced to dry- and wet-buldb tem-
peraturos by use of tables mads up fram the laboratory calibrations of
thoe temperature elemonts, Corrections had to be applied to theso valuwos
bocause of the heating caused by campression of the air ahead of the
noving elements, These wore determined fron the following equation
given by AAF Weather Service (1945);

2
v
AT- dd ————
100

liere d.4 is a factor detemminoed axperinentally for the partisular
peychrograph, Its value is 0,9. Tho symbol v donotes the truo alr
speed of the plano in milos per hour, The true air spoed was found
fron tho indicatod air spoed and the altitude by use of an aircraft
navigational plotting board,

b) Pressure

The atmospheric pressure at each height, ae indisated by the
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plane's prossure altimeter, was found fron the surfaco pressure and
the pressure height rolation of tho standard atmosphere,

c) Mixing Ratio

The mixing ratio, w, of cach point was computed from the follows
ing fom of the psychrametric equation;

cpd+m‘

ew - (T, - pv
LERA ('1‘d Tv)

In this equation w, is tho saturation mixing ratio at the given wot—
buld tagperature and pressure, T d is the dry-bulb temperature, 'rw
tho wet~buldb tomporature, ¢_. and cpv tho specific heats at constant

d
pressure of dry air and mt:r vapor respoctively, L the heat of
vaporization of water, The saturation mixing ratio was read from
a graph giving the relation between wet-buld temperature, pressure
and mixing ratio. For a frozen wick, values of the saturation mixing
ratio over ice were caputed from the Smithsonian Meteorological
Tobles, Fifth Revised Editicn (1939). The heat of sublimation was
used in place of tho heat of vaporization.

d) Equivalent, Virtual, and Potential Tomporatures

Nooograns were used to campute these values., Potential tempera-
tures are camputed to the base 1000 mb,

e) Hoights .

Trus height in meters were camputed from the virtual teaperature
for a few selected pressures and all other heights were found graphically
fronm tho resulting pressure height rolation.

£) Total Amount of tlater Vapor

The total amount of water vapor contained in the air colum was
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found by multiplying the average mixing ratio for a amall pressure
range (2 mb below 1000 ft, 15 mb above 1000 ft) by the pressure
difference divided by the constant of gravity. By always totaling
the wator vapor betweon tho same altimeter heights one set of values
for ~p/g could be used for miltiplication by w, |

2, Captive-Balloon Soundinge

a) Temperatures and Mixing Ratioo

Milliammeter readings were reduced to terperature in the same
nanner as for the airplane soundings, except that dynamic corrections
were not required, HMixing ratios wore computed similarly.

b) Hoights

Hoights were read from markings on the wire holding the balloon.
Corrections were mado for tho wire angle.
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IV Analyeis of Cbservations

l. Water Vapor Flux

The flow of water vapor through a unit surface of one square centi~
noter at a given hoight was found by totaling the water vapor in the
column of air as it loft the mainland and camputing the accumulation
of water vapor above the surface as the air moved over the water, As
mentioned previously the water vapor was totaled to the top of the
hanogensous layer whoere, according to the assumption, a negligible
anount mixed throuzh the inversion into the dry air aloft, Once the
increase of water vapor was detormined, the rate of flow could be found
from the tice the air had been over the water,

The pilot balloon data was used for this camputation., The wind
spoed and direction averaged over the entire hamogeneous layer was
considered best for this work. In the case of stable air masses the
turbulenco is weak so that the air aloft movee faster than, and dose
not mix with, the lower air thus cauwsing the phenomenon of shearing
stratification as described by Craig (1946). In less pronounced cases
of stability and in neutral and unstable air masses this stratification
cammot devolop because of the rapid mixing of the air, The charector-
istio frictional shearing of the wind with height is present, but this
doos m.m:tmt a particular parcel of air travels long distances
st oo height, Rather, through the mixing process of eddy diffusiom,
it w1l travel at mony heights in the homogeneous layor. For this
reason it is correct to use tho mean valus of the velocities of the air
at differont heights to determine tho trajectories of the air, Thus
a parcel of air {n the upper part of the layer has travelled over water
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about the same length of time as a parcol of air nearer the bottom,
although their instantaneous velocities will differ greatly.

In the reduction of these observations and the computation of
flux and austausch values, this principle is wed in cases where
there is evidence of sufficient mixing, This allows treatment of the
homogeneous layer as a single body moving with a given velocity al-
though its many component parts move with different velocities,

The flux of water vapor has been found in most cases for two
surfaces, one E., at the bottom of the layer and another Eh’ 100-300

o]
m higher, Values of E, the flow through these surfaces, are
presented in Table I, The units are gm cm zaoc lx-lo 6.
Table I
Time
Date EST Distance Offshore Eo Eh
Sept. 23, 1947 1354-1515 1-13 km T3 -
Oct, 1, 1947 1112-1311 : 1- 8 i 2,0 17.0
8-16 91,0  LO,O%
Nov. 10, 1947 1337-1432 o-8 28,0 - L0
Nov. 13, 1947 14,50-1602 o-8 .5 - .
Nov. 17, 1947 1405-1557 o-3 23,0 18,0
3-10 2.“ "2.”
10-17 13.0 7.6
Sept. 1, 1948 1232-1410 0-12 bl O 43,08
12-32 9%  =2,5%
0-32 2.0 UL4.0
Sept. 15, 1948 1345-1552 0-12 13.6» ho2%
0-32 10,3#* 3.2%
Sept, 16, 1948  1155-1346 0-43 3.7 1.7 B+
Sept. 22, 1948  1105-1305 0-12 - 6,0 °®
’ 0-37 - 500
12-37 - - b7
Oct. 13, 1948 1130-1315 0-30 6.0% 1,5%
Nov, 16, 1948 1 5-1300 0-2 3.8 BN

# See dis¢ussion in sppendix
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The significance of the large range in the computed values of
the flow can be clarified by plotting values of E against the wind
speod obsarved on the same days. The values plotted in Figure 6 are
the average of the wind for the entire hamogeneous layer as tabulated
in Table V of the Appendix. The graph shcm that a relation exists
between the flow and the wind speed, The scatter of the points 1is
small, if the Oct. 13, 1948 value is omitted. The relative position
of this point emphasizes the effect of stability, for, in all cases
save this, the water is of the same temperature or up to 9°C warmer
than the air blowing over it., On Oct. 13 the water was 2°C cooler
than the air.

Over the mainland the air was very bumpy and turbulent, but as
it moved over the cool water the turbulence subsided to what wes
described by the airplane observer as very smooth air. It is usual
for the turbulence of the air to decrease over the water even when the
water is warmer than the air, but this case shows that the magnitude
of the decrease is much greater when the water is cooler,

Thus if the Oct. 1J value is omitted on the grounds that it
represents a different stability condition of the air, the remaining
points define a close relation between the vertical flow and wind
speed,

From Pigure 6, valuss of E can be obtained that are suitsble for
making forecasts or ostimates of water vapor transport. Table II
gives recommended values for regions between 0-30 lm offshore and for
mter temperatures greater than the air temperature.
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Table II
i/ind Speed iiater Vapor Transport E, / (wg - w)
Average for Homogenscus Layer o em 2 “c-l o en? ”c"l
o sec~t '
5 1.0 x 10~ 1x 107
10 2,5 x10°° 4 x 1072
15 b5 x 2075 7x 1073

The scatter of the plotted points in Figure 6 can be reduced by
eliminating the Dalton (1802) effect by the same method that Montgcmery
(1940) employed. Here the water wvapor flux at the surface has been
divided by the difference between v, the saturation mixing ratio of
air immediately in contact with the water, and w, the average mixing
ratio of the air of the homogeneous layer before passing over the
water, In Pigure 6A, this quotient is plotted against the wind speed
of the homogeneous layer, Only the nins pointe representing valuee
obtained between 0-16 km offshore are plotted., A close relation be-
twosn the quotient of the flux and mixing ratio difference and the wind
speed is indicated by the small scatter of the points,

Valuss of the quotient are given for three values of the wind
speod in the third column of Table II., This column should be used
for forecasts and estimates of transport if the values of the water
tempereature and mixing raf.io of the air are knom,

2, Mixing Ratio Gradients and the Cosfficient of Turbulent Mass Exchange
The flow of water vapor upward through the homogeneous layer has
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been attributed to random vertical motions of the air and can thus be
analyzed by the diffusica equation (1), The value of the coaffisient
of turbulent mass exohange obtained from the present data is
characteristic of the unstable conditions existing at the time of the
observations.

As menticned in the introduction, the conditioms required for
the complete validity of the equation do not obtaln in the atmosphere,
and also the observations do not represent the necessary time average.
Nevertheless, by taking averages over large height ranges and evalu-
ating the coefficient at only two heights, the errore due to these
miavoidablo Mcmiatemieq in the choice of data may be reduced.

On evaluating the exchange coefficient from equation (1), a
standard system of determination of gradients and corresponding flux
surfaces was used, Two gradients were determined from the slope of
a straight line by the method of least squares, one for the region close
to the wmter surface up to 100-300 m, the other from the 100-300 m to
the top of the layer, The flux through the surface at the bottom of
the atmosphere was matched with the gradient for the lowest level,

The equation then ylelds a value characteristic of lowest layer but
not associsted with any exact height, Likewise the flux through the
300 m surface wes matched with the gradient for the main body of the
homogeneous layer., This valus of the coefficlent is comsidered to
apply to the middle section of the hamogensous layer.
mmpummmmormdmmmutouw
the least squares method, The valus given is the average of the two
soundings involved in the computation of A. Cradients are expressed in
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an! with the factor 10”7 omitted, Exchango coefficlents are expressed
in gn em-l aoo.l, while the distance o.tfsh&ro is expressed in kilo~
meters. Ao desigsnates the value determined for the region O to
100-300 m, while A, represents the value charactoristic of the region
100-300 m to the top of the layer, The one value labelled Aa is a
value found for the steble alir above the hamogeneous layer,

Several facts are immediately obvious fram the table, One is
that the exchange coefficient is greater in the main body of the
layer than it is closer to the surface. This is shown clearly by
noting that the average value in the lower lewval (Ao column) is 1400

en ont aoc-l, while at the higher level, the average of the A

column is 4450 gm an L sec~t. The decrease in the valus of the
coefficient with distance from shore is shomn best by averaging valuss
of Ah obtained on days for which data was collected at several in-
creasing distances from shore. The average of the values close to
the share 18 5605 gn on~t sec™: while the average valus farther ocut
18 2220 gn o> seo™ . From this we infer that the turbulerce of
the air decreases as it flows over the water regardless of the fact
that the water tamperature is higher than the air temperature,

An important point brought out by the table is the large valuss
of the coefficient of turbulent mass exchange, Prior to this repart
and the work of Huss and Portman (1948) the coefficient was measured
under stable conditions and valuss between 10 and 500 gn ca! gec-1
were assumed characteristic of most conditions encountered in the
atmosphere, This work shows that values lying betwesen 1000 and 10000

o, cn~t sec™! are characteristic of the unstable case,
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Values of the exchange coefficient determined by othor workore
in the field have been collected in Table IV,

Table IV
Coefficiants of Turbulent Mass Exchange and Eddy Viscosity
i ! gect
Very Stable Slightly Stable Unstable
17 Lettau 400 Lettan 164~17700 Huss
70~500 Mildner 130-15400 Bunker
26-300 ¥ildner
105-825 Bunker

This tabulation shows the variation of the coefficlient with the sta~
bility of the air and compares values computed by the differemt authors,
. The coefficient of turbulent mass exchange is considered to be identical
with eddy viscosity and the austausch coefficient. Values are expressed
in gn o~ sec™l, The table is divided imto three columns representing
the stability conditions existing at the time of the experiment. The
heading "very stable”® is used to demcte the existence of an inversion.

A value of the temperature lapee rate lying between the iscthermal and
the dry adlabatic lapss rate is classified as "slightly stable." By
"unstable" it is meant that the lapse rate was super-adiabatic or that
the water temperature was higher than the air temperature, The name
following the value entered in the table indio.tes the author respon-
sible for the determination. Lettau (1937) made his observations during
two free balloon excursions, The valus given is the exchange coefficient
computed from equation (1). Mildner (1932) used pilot balloon cbserve-
tions to compute values of eddy viscosity, Huss and Portman (1948)
computed austausch coefficlients from wind observations after Extel (1930),
Bunker denotes values obtained in the present research,
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The important rols of siability in controlling turbulence is
obvious from the table which shows that the ratio of values in
different stability classes is about 25,

Since the source of enorg. for turbulence and eddy diffusion
in the atmosphere is the wind shoar and the kinetic energy of the
wind, a relation might be expected between turbulent mass exchange
and wind speed, Figure 7 shows that such a relation doss exist,
Here values of the coefficient obtained cloee to the shore are
plotted against the average wind speed for the entire layer.
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V Appendix

1. Supplementary Observations and ileather Conditions during the

Observation Periods

Table V has been compiled to present supplementary observations

taken during ths days selected for the plane psychrograph observations.
The values entered hers are averages for the period of observation
and are not necessarily characteristic of the entire day., The column
headed pressure gives the atmospheric pressure as measured with a
mecurial barameter, The colum labeled Sky Conditions deseribes the
amount and type of low cloud present in the sounding areas at the time
of observation. Data was taken from the airplans cbserverts notes.
The wind direction and speed presented in the table is the average for
the homogeneous layer as determined for pilot balloon runs and surface
data, Mtiom are in degreees while speeds are expreessed in meters
per seconds. Water temperatures were obtained as follows; (1) a dip
bucket thermometer used either at the dock in fioods Hole Harbor or from
a boat in or near the a;:tmding area, (2) a bathythermograph in the sound-
ing area, and (3) dip bucket tempersture at the eastern entrance of the
Cape Cod Canal, taken and made available by Mr, Willism Jinsor, Deputy
Sheriff of Barnstable Co. The saturation mixing ratio is given in the
last column, It was computed from the water temperature and the surface

pressure.

2, Graphs of Soundings and Discussion of Data

In Figures 8~23, potentisl temperature and mixing ratios are
plotted against camputed heights expressed in meters. Four moisture
cross sections and one upper air msp are included in the series of
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figures. Large dots are used in plotting the potential tempsratures.
Usually only one sounding of the series is plotted, but if a signifi-
cant change occurs in the temperature, additional points of another
sounding are plotted with a large X. The water temperature, reduced
adisbatically as though it were an air temperature to 1000 mb, is
indicated by an arrow and O Mixing ratios are plotted with the
following symbols; 6 for the first sounding taken over the land, * for
the second sounding of the series, and an x for the last scunding.

In most cases all values of the mixing ratio have been plotted. Omis-
sions have been made only to relieve crowding.

The inversion at the top of the homogeneous layer has been indi-
cated by a horizontal line, although it is easily distinguishable by
the decrease in mixing ratio and the increase in potential tempers-
ture.

The map of southeastemn Massachusetts is inserted to show the
location of the sounding areas and the wind direction, The symbols
indicating sounding areas correspond to the ones used in plotting
aixing ratice, : .

A discuesion of tho‘dm' nouﬁdsnga acocmpanies the graphs,

Sept. 3, 197
This series, the firet of all the cbservations, gives mixing ratio
valuss to only 700 meters since the resistance of the wet-buld tempera-
ture element exceeded the range of the amplifier at this height, The
dry-bulb temperature continued on scale until the top of the homogensous
layer was reached. The computation of accumulation of moisture wes
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‘made by assuming valuss of the mixing ratio between the 700 m level
and the top of the homogensous layer at 1200 m, This series has the
peculiarity that a large increase of mocisture dccurred between the
first and second soundings taken 3 km apart. For computations of
water vapor flow, the average of these two soundings were used as the
initisl point,

A mixing ratio croes section has been prepared to show the rapid
increase near the windward shore. Values of the mixing ratio have
been entered at the proper height and distance from the initial sounde
ing, Values of equal water vapor content have been connected by solid
lines, The height of the hamogeneous layer is indicated by short
horisontal lines,

Oct. 1, 1947

The four soundings of this series show two peculiarities worthy
of note, One i3 that the second and third soundings obtained in the
main body of the homogeneous layer have a smaller mixing ratio than
the sounding taken overland, Convective action might acoount for
this although no cumulus clouds were present in the area. The second
phencmenon noticed is a large mass of air centered at 600 m with a
very high aixing ratio, The value of 3.8 gm/kg is 0,2 higher than
the valus measured at 15 o, | A cross section drawing is givea to show
these occurrences,

Valuss of the flow of water vapor were found by using the average
of the firet two soundings for the initial point. The flow for the
8-16 lm distance is abnormally high because of the existence of the
moist bubble of air just mentioned,
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The captive balloon soundings obtained are presented in the
insert of Figure 10 for the instruments were working portoctiy on
this day and the measurements are reliable, These soundings are
used in conjunction with the airplane soundings to determine values
of the exchange coefficient at frequent height intervals. Earlier
in this report, it was pointed out that valuee could not be acourately
determined for small height ranges. Values for this day are computed
at five heights to show the magnituds of the variation, The accuracy
of these values is not great for it is limited by the eddy nature of
the atmosphere, Table VI gives the observed gradients detemined graph-
ically, Table VII gives the flow of water vapar through the surfaces
and the values of the exchange coefficient,

Table VI
Mixing Ratio Gradients
aalx 107
Heights Sounding #1 Sounding #2 Sounding #3 Sounding #

1-5 - -5800 ~4800 -2600
5-10 - - -28 -28
50-150 -32 -10 -7 -12
300-700 =7 -3 -6 9

700-1000 <17 -16 -9 -4
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Table VII
Viater Vapor Flow
e en? sec! x 1075
Sounding 1 to #3 Sounding #3 to # Sounding #1 to

0 2.4 n 6.7
90 2,0 10 6.2
510 1.8 6.9 - Lol
1005 1.5 2,5 2,0

Coefficient of Turbulent Mass Exchange

en oL soct
1-5 4.5 3 15
510 850 3900 2400
90 1500 10500 54,00
510 34,00 9200 6900
1005 1,00 3800 2300
Nov. 9, 1947

The air mass was colder this day causing the wet bulb to freese
at - 3,0°C, Values of the mixing ratio were deterained by using sat-
uration values over ice and the heat of sublimstion of ice in the
psychrometric equation. The scunding in the middle of the bay, where
the airplane descended had to be omitted for the frozen wick began
thawing at some undetermined height.

The inversion at the top of the homogeneous layer was not reached
at 6000 feet, but little error can be introduced by totaling moisture
to this level. 5/10 coverage of stratus clouds ocourred at times
in the sounding area above the plans, The clouds had little or no
vertical development and probably did not pierce the inversion and .
allow the moisture to mix into the upper air, ;
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Nov. 10, 1947

The wet buldb froze on this day permitting only the ascents to
be used in the reduction of mixing ratio values. The height of the
homogeneous layer had lowered mo that the sounding extendsd up through
the inversion,

'Nov. 13, 1947

The top of the hamogenscus layer was not reached on this day.
5/10 cumulus clouds were observed, creating the possibility that the
detemined valus of the flow is too low dus to leakage of moisture
through the inversion,

Nov. 17, 1947

The wet bulb froze again on this day, but the sounding technique
had been changed to making obsarvations only during the ascent of the
plane, This procedure allowed the wet bulb to thaw during the lower
part of the descent, and to be ready for observations after a brief
run at the lowest level, The inversion was reached and pemt;ratod by
the plane during the first sounding only.

A cross section of the region is included to explain the negative
valus of transport given in Table I, It is seen that the values in-
creased greatly between the first and second sounding, while the values
dropped in the 400-600 m region between the second and third soundings,
In spite of this there has occurred a large increase in the water
vapor between the first and third soundings, This example serves as
a reminder of the eddy nature of the air, and that fine detail camnct
be derived from a series of single ascents,
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Sept. 1, 1948

The direction of the sounding path was within 5° of the average
vind determined for the homogensous laysr. 2/10 coverage of cumulus
clouds were observed in the area, A cumulus cloud with small
vertical structure desveloped within the spiral of the second sound-
ing, Two runs were made through. the oloud yielding mixing ratio
values, The + .earance of the e¢loud and the accompanying convective
currents in the ascent spiral caused the moisture distribution to
change radically from the normal, This led to uncertain values of
the trampprt of water vapor, and explains the large values occurring
between the first and second soundings and the negative transport
between the second and third. For this reason the values obtained
from the first and third are much more representative of transpoart
by eddy diffusion.

The graph of the mixing ratio of the second sounding shows a
separstion of the valuss into two groups above the top of the hamogene-
ous layer. One follows the decreasing curve of the first and third
soundings while the other branch continues with the high values of the
hoamogeneous layer up to the 1600-1700 m level where the cloud existed.
A cross section of the air has been drawn to show the effect of the
convective activity on the molature distribution. 7The increase of
moisture with distance travelled over the water and the cumulus clouds
are shomn clearly.

Sept. 15, 1948

The usual procedure of coaputing water vapor flows and exchangs

coefficients had to be campletely modified to analyze the scundings of
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this day. The wind structure was not characteristic of the homogeneous
layer i'or the layer was divided into two streams floving in different
directions, Pilot balloon observations showed a layer froh 0-700 m
having a 280° 4.8 n/s wind, and a layer from 700-2100 m having a
320° 6.4 mfs wind, The wind of the lower layer was variable, showing
variations from 40° 0.6 m/s to 330° 3.0 m/s in two hours at ioods
Hole, In detemining the average wind of the lower layer, groat
wight was assizned to readings taken from a boat near the base of
the second sounding at the tims that the airplane was making the second
sounding,

The procedure adopted to derive values of flow for this case is to
(1) compute the flow into the top stream of air through the 700 m
surface in the usual manner, (2) compute from this flow the amount of
vapor tht leaves the lower layer during its passage from land to
the next sounding area, (3) add this loss of vapor to the accuaulation
found in the lorer layer to determine the flow of vapor into the
layer from the water surface below it, Figure 20 shows the two cur- ’
rents of air drewm in green and red and the geogrephy of the region.
Values of the exchange coefficient are found for the two layers.

Sept. 16, 1948
The average wind was 360° while the orientation of the sounding
areas was 350°. The air blew south over the waters of Bussards Bay
and passed over parts of the Elisabeth Islands before being measured
agein. The values of transpart and diffusicn are modified somewhat
by the passage over the islands and are not striotly typical of trens-
port from water surfaces,
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Sept. 22, 1948

This series has been mentioned briefly in an earlier part of
the report for it offered data that has been used to evaluate the
mixing of water vapor through the inversion above the hamogensous
layer. This computation could be made because the air above 600 m was
isothermal to 2000 m, It was noted that this stable air lost water
vapor as it travelled over the water, This would only mean that the
vapor was mixed into the upper air and that the mixing in the stable
air was many times greater than the mixing through the strong inversion
below, Thus any measurament of the transport of vapor in the stable
air must be many times larger than by the transport through the in-
version. The camputation was made by measuring the depletion of
moisture in the 600 m~-1400 m region and assuming that all of this
amount mixed upward through the 14,00 m surface. This leads to a valwe
of 4.7 x 1076 gn on2 uc'l, corresponding to an exchange coefficiemt
of 200 gu cn > sec™), Since the potential temperature lapse rate was
less in the stable layer than in the thin inversion layer, the transport
through the :hworaiqn must be several times less, Under the assumption
that the transport is about five times less in the boundary inversion,
1ts valus will be 1 x 105 gn ca™2 sec™l, The moisture gredient has
been measured by inspection to be - 18 x 10 ca™'. This leads to an
exchange coefficient of 6 gn ol secl,

The camputed values of the transport and exchange in the hamo-
goneous layer were obtained in the usual manner,

The value of A for the stable region may be identified with the
"pesidual turbulence” discussed by Rossby and Montgomery (1935). The
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value of 50 gn om™L sec™> was assumed by them, after R
be a reasonable valuo. The value of 200 determined he:
agreemsnt oonsidering the different manner of computati

Oot. 13, 1948
A sounding area was selscted in Cape Cod Bay to t:

of a coastline nearly perpendicular to the 245° wind,
sounding was taken at Plymouth, the other at Race Point

,distance, Thermal conditions of this sories wore diffe

others in that the air was 2°C warmer than the water,
the development of an inversion over the water with a ¢
decrease in turbulence and transport of water vapor. 1
of transport is shom in Figure 6,

The camputations of the exchange coefficient for t
from equation (1) give a value of 103 gn ™t secl, w
ent and reasonable, The high value of 9400 for the upp
the hamogensous layer offers an interesting puszle., T
consistent with the overland values for the wind speed
question that arises is whether the turbulensce can cont
rate over cooler mter for a distance of 30 km, The fe
the solution difficult to analyse is that the mixing ra
(6.7 x 10720 ca™Y) overland was positive, If this were
th.anmoubdngachm«nlmdtpondipgonthpc
large parcel of moist air at 1100 m, then the value of
reduced to 1500 ga on"L seo™l, a valus that seeas more
the conditions,

Nov. 16, 1948

This 1s & typical ocase of modification of air by i

water, The wind was steady and nothing occurred to com
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