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INTRODUCTION / 2 J 7 %

The ever i resources and better long range
weather forecasting requires a fundamental understanding of the complex mechanics
of sea-air interaction, because it controls the main source of moisture and energy in
the atmosphere. This paper represents a progress report on one aspect of the study - in
particular the role of micro water droplets. In the past, the fields of heat and moisture
mhutodcﬂdopndmtmﬁmlndimﬂynbﬂodhﬂnmﬂcuwh
eddy diffusivity. This resulted in the necd for an artificial increase in the eddy
diffusivities for both the humidity and temperature fields in order for the analyses fo
fit the experimental data, see reviews by Roll (6), Panofsky (5), and Monin and Yaglom
(4). Recently It was shown by Ling and Kao (2) that these flelds ore stongly coupled
through the water droplets produced by ses sprays and whitecaps; i.e., the micro woter
&oplohemkMoanweodulehWWMvMbh
latent heat of evapomtion provides a strong heat sink for the tempercture field. The
resultant strotification of the temperature field further influences the stability of the
momentum field, which in tumn affects the whole exchgnge process. Following this
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of droplets and their free fall velocities. This work (3) was published in the Proceedings
of the NATO Symposium on Turbulent Fluxes through the Sea Surface, Wove Dynomics
ond Prediction, France, 1977. In this paper we shall describe some further improvements
to the theory by taking into account the limited data obtained from the 1977 (Joint

Sea Air Interaction Project) JASIN experiment. All results presented in this poper
should be considered as preliminary, since we are still in the process of improving the
analytical model through more detailed laboratory simulations and field measurements.
Presently the analytical model is sufficiently realistic to indicate which droplet sizes

are important fo the evaporotion process under a given atmospheric condition. This

ond other new improvements to the theory will be discussed in the following sections.

GOVERNING EQUATIONS

The basic governing equations for the fields of heot, humidity, water droplets and
momenium were derived from the general fransport equation (2). Because of the large
horizontal extent of the ocean compared with the thickness of the atmospheric surface
layer, it is possible to treat this loyer as being quasi steady and uniform in the
horizontal direction. In the following, we shall only give detailed explonation to
the new ond improved ports of the equations and refer the rest to the cited references.

The normalized equation for the water droplets can be expressed as

Eg’\ :-gﬂ + %-W"% + II%D,(‘-;T)U]o HyM (1 -H3) (1 - F)
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Fig. 1. Normalized woater droplet production rate for different sizes of droplets.

Data was taken over hydraulic jumps with wide range of energy levels, from
Ling, Sood ond Kao, Proc. of the 1977 NATO Symposium cited in text.

The woter droplets are treated as discrete droplet size groups denoted by subscript n.
The first two terms of Eq. | represent the rate of chonge in the normalized droplet
concentration Q,, due to eddy diffusivity K, where K is normalized by the mean

wave height ¢ and the 10m wind Ujg es R= K/cUjg. The nomelized droplet
concentration is defined os Q= Q,U10/q,, where Q,, Is ﬂn'h'ld concentration
brdumnmdqahhM'mﬂudel. Because the
MMMJ“WM*Q‘/*'Q'&MMM‘M
found 1o be universal for afl intensities of weve bresking, see Fig. I, it is convenient
to select on impostont size group as the reference, and referring the fluxes for the other
size groups as fixed ratios of the reference group. The erticel coordinate 2 is
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defined from the meon wave trough, and is normalized by the wave height € os 7.

The third term of Eq. | is the normalized source of water droplets produced by whitecops
ond sea sprays expressed as 5o = S(£)qy,/q,2 , where S(Z) is the source distribution
foctor (2). The fourth term of Eq. | represents the normalized sink due fo free fall of
droplets, where W,, is the free fall velocity of d,, droplets nomalized by Ujq. The
fifth term of Eq. | is the normalized source and sink effect of droplets due fo
evaporation; i.e., the evaporation of the n size group droplets causes a loss of droplets
1o be transferred o the next smaller size group n-1, while the evaporation of the next
lorger size group n+] couses o goin to the n size group. The variable ¢ is moss
density of air and P,, mass density of water. Both the molecular diffusivity of water
D, (1) and the spacific saturated humidity Hy(T) are functions of the absolute alr
temperature T. The varioble H* is the relative humidity, Hg the relative humidity

at the reference height T, 7l the normalized humidity defined as (Hg - H*)/(Hg-1),
and R,, the Reynolds number bosed on the terminal fall velocity W, and droplet size
dy.

The normalized equation for the humidity field can be expressed os

R? 24 422(1 +0.25893)7p (?-)(a—)uzod,

x MM -H)(1-M B, = 0. (2)

The First two terms of Eq. 2 represent the rete of change in Fl due to eddy diffusivity
K , ond the third term represants the source of humidity due o the evaporation of

woter droplets. Since the production of droplet flux is expecied fo be proportional fo
Uy the porometer (a,5/U%0) 1s one of the most importent constents Ko be determined
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in this work. Similarly the mean wove height ¢ is known o be proportional o Ufo,
therefore (¢/u%°) can generally be token fo be 0.00029 sec?/em.
The normalized temperature fleld con be expressed as

T 7. g(t -)- Zc T 2040 25803 mp (31)(6!.) TN
x HMO-HH(1-MQ, = 0. (3)

The nommalized temperature is defined as T = (T-To)/|T,,~To|, where T is the absolute
air temperature, T,, the reference abmlute seo surface temperature, and T, the absolute
reference air temperature at the reference height T,. The normalized adiabotic lopse
rote of the atmospherd is defined as T'= M'e¢/IT,, - To| , where the adiabotic lopse rate
[ is generally token to be -0.0001 °C/cm. The third term of Eq. 3 represents the
latent heat sink for the temperature field due to the evaporation of water droplets. The
voriobles L, (T) ond CpmhmwdeMtdwh&wm
ond specific heat for air, respectively.

Finally the momentum equation for wind can be expressed as

p0-u)
b g KO g - - CgA) S5 = 0. (4)

The first term of Eq. 4 is the rete of chengs In momentum due o eddy diffusivity K(z).
Mmmmhmm'hpmnnlwnhﬂnm

wind direction x. Beceuse the etmasgheric surface leyer Is generolly within 100m
thick, the effect of 3p/Bk con no longer be neglected ot 2> 1Sm. We sholl attempt
1o relote this term 1o the sea surfece shear sivess 7o of the friction coefficient Cjp o
To= Cp 8, U o™ - 1, 3p/8x, wheve z,, s the nominal height from which the geostrophic
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pressure gradient 3p/ax is physically integrated downward fo maintain 7, . The third
term of Eq. 4 represents the drag force offered by the moving waves on o unit horizontal
sirip of air volume. The function A(z) is the total effective drag areas offered by the
ports of waves which are within the unit volume. That Is, we treat woves as moving
drag centers within an air space. The drag coefficient C, is generally taken to be
unity. The local meon velocity of wind U minus the phose velocity of waves U, in
the direction of the wind gives the effective wind acting on the waves. The normalized
momenium equation may now be expressed os

Rg’w %g@:—- 0.5Am@-0%= 0, (5)

where D =UNg, U, =Uc Vg, ond T, = 2,,/c. Under sirong wind condition,
Ty Moy be estimated from o geostrophic pressure gradient of 10mb/250km to give o
valuo of approximotely 23. Hence, for general use, the term C¢/%,, moy be token
to be o constant equal 1o 0.0001. At low levels this term is negligible compared with
the other lerms. The fourth term of Eq. 5 only hos values below the wave crest. We
believe that the present treatment for the atmospheric surface boundary layer is more
physically meaningful and opplicable than the usual empirical log-linear profile
opproximation which requires an ortificial displacement height ond neglects the pressure
grodient.  Becouse the momentum equation is only coupled with the other tromport
equations through K, it con be used 1o check the validity of K used in the calculation;
ta.,hmhmvhlmﬂbm&wm“m
o known atmospheric condition.
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METHOD OF SOLUTION
It has been orgued before that the eddy diffusivity K should be universolly
aopplicable to all transportable quantities, beccuse the molecular diffusivity of these
quantities ore all negligibly small with respect to K. In the analytical model we
consider that K con be modified by the stability of the air system ond is expressible
as functions of the Monin-Oboukhov length parameter, see Panofsky (5) ond Ling ond
Kao (2). After reviewing many octual wind profiles taken under neutral condition
and using Eq. 5, we have found that the normalized eddy diffusivity K, under neutral
condition should be modified from the one first proposed in reference (2) to o new form
as shown by the dashed curve in Fig.20. The value for K, obove 7=5.5 should be
increased o o constont value of 0.125. At lower levels, it should still increase
linsorly with height as 0.02Z up fo Z=5.0 instead of 2.5. In performing the
numerical calculation a trial distribution of K(Z) was first estimated through K, and
the Monin-Oboukhov stability length porameter based on a Bowen ratio of 0.07(T,,- T,),
see Ling ond Koo (2). It was then succemively refined with the Bowen ratio based on
more accurate vertico! fluxes of heat ond moisture derived from the calculated solutions.
Before the coupled set of equations can be solved, one must define both the droplet
size distribution and the flux porameter 10« For the following exomples we chose
1o represent the droplet size distribution in n=5 groups with d_= 10, 40, 80, 140, and
3004, ond the corresponding droplet bondwidths Ad,, = 20, 40, 40, 80, ond 240y,
respectively. Thus from the normalized droplet production curve, Fig. 1, one con find
the ratio of production rates for different groups of droplets s

9 . L‘n:é;- 12, 1, 0.1, 0.03, end 0.000, respectively; where g, s
9% A4dap
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the surface droplet flux for o droplet size dp.  Presently there is no known technique
to obtain the droplet flux parameter q d/Ufo directly from the ocean. It may be
deduced indirectly from the measured droplet concentration or the concentration of

salt nuclel in the upper atmosphere (6, p.62). From our present theory we have found
ﬂnﬂl\hmhcmﬂoﬂwﬂnwﬂobumllm'hodtoplﬂ
concentration field. Thus by checking the analytical solutions obiained with different
q‘z/Ufo values against o corresponding set of fleld data, one may vitimotely determine

the best value 1o use.  We have tentatively found that g /U3¢ = 0.00012 drops sec/cm®

gives very reasonoble results. It will be used for oll examples presented in this paper.
Thus before this porometer con be defined accurately, all solutions derived from it must
only be comsidered as preliminory examples.

With both K, and qa/ufo tentotively quontified, one may proceed to solve the
coupled set of transport equations with suitable boundary values and conditions. A
unique solution con be found for any set of boundary valves of T, Hg, T, ond Yo
For the examples given in the following section, a constant reference height of 7, =20
was used since our present interest is limited fo the atmospheric surface layer. When
the model for this layer is fully developed it con be readily merged with the upper
atmospheric as well as the oceanic surface layers for a more complete system simulation.
Because the numerical techniques used fo solve the problems were quite standard and had
been described in the cited references, they need not be restated.

From the calculated solutions, the vertical fluxes may be accurately determined
at ony given T levels. The sensible heat flux can be expressed as

Wy~ 4% YoM~ IR (- T) ®
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and the water mass Flux can be expressed as
m
T _ /9 2 Q = = * = oH
Wy & pw(aﬁ)u,o’gdg(-ﬂ!ﬂ!- w,,o,,,!_)- 80 -HHME| 77| .
(7)
It should be noted that the present model contains various sources and sinks in the fleld

equations, therefore the vertical fluxes ore no longer constont.

RESULT AND CONCLUSION
With the improved analytical model we may now compare the result with the octual

field doto in a more realistic manner. Unforfunately, complete set of wind, temperature,

humidity, ond droplet concentration profiles are still not available at this moment,
but we hope to obtain them during the 1978 JASIN experiment over the North
Atlontic Ocean. Meanwhile, we may moke some preliminary comparison with a few
good but incomplete field soundings. The following examples were clossified in terms of
whether the sea wos warmer or cooler thon the upper air mass. To obtain the trve
differential temperature between the upper air mass at the 200-400m level and the sea
one must extrapolate the upper air temperature downward along the dry adiabat to the
mmﬁeoovdmﬂnhwhlmmfpwtmmfhﬂnmmo
temperature T, , see Fig. 2b,

in general air is cooler thon the ocean. When a mass of air hos traversed a fong
distance over o warm sea, its temperature should not be too different from that of the
water. This is represented by case | shown in Fig. 2b. It is o sounding taken by
Emmons (1, p.27). We note that the ocean was wormer thon the upper air by
T~ Tp= 1.8°C, ond the air was homogeneous upward 10 300m with the air temperature
decreusing ot the adiobatic lopse rate. A simulotion of this case up to a reference
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Fig.2. o) Simulation of worm sea, Case 1. b) Sounding by Emmons (1, p. 27).

hoight of 2=37m, with T,=10.4°C, H3=0.65, T,,=12.2°C, ond U, =B8m/sec

is shown in Fig.2a. Only the lower half of the calculated data wos plotted. Note
that the adicbatic lopse rote was almost reached ot > 10. Both the temperature and
humidity profiles closely simulated the fleld soundings. That is, ot T > 10 there wos
almost no potential temperature gradient or no sensible heat flux. The sensible heat
from the ocean was mostly absorbed by the latent heat of water droplets. Indeed ihis
is the most prevalent feature found in all warm oceans. The net water mass flux wos
found to be q'-l.:lxlo-s o/cmzne, which gave a net heat flux from the sea of
7.6:!0'3eol/enzne. These large fluxes greatly destabilized the air system cousing
uniform mixing of air up 1o o great height of over 300m where the humid air wos
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condensed into heavy cloud. Thus the important latent heat transfer cycle is clearly

evident. The calculated K, U, and Q,, are also shown in the figure. There wos

no field data for 6,, , however we note that the calculated concentration of droplets

was highly stratified with very little remaining above Z=3. The vaives of Q,, &5, o
and 63 at the wove trough were beyond the plotting range of the groph, but their

values were indicated on the left border of the figure. One notes thot the concentration

for the 10u size droplets &, above Z=1.5 was less than the lorger 40u droplets &,

due fto faster evaporative loss of the submicro droplets. On the other hand, the

concentration for the 3004 droplets 55 were quickly depleted by their fast free fall

velocity .
Case 2 represents a cooler sea with almost no sea to air temperature difference, g
T,-T,=-0.2°C, soe Fig. 3b. This sounding was also taken by Emmons (1, p. 21).
:
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Fig.3.  a) Simulation of cooler sea, Case 2. b) Sounding by Emmons (1, p. 21). '
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There was a cooler and more humid surface layer of air below a warmer anc verv dry
upper oir. Thus both the sea and the upper air were heating the surface layer of air.
The physical existence of this more humid and cooler iayer of air could only be attributed
to the moisture production and the lateat heot absorption by the woter droplets. The
lower 37 m of this layer of air was simulated by the present theory and was shown in
Fig. 30, with To=11.7°C, H3=0.12, T,=13.3°C, and U;q=8m/sec. The air
temperature quickly reached the odiabatic lapse rate at Z> 1.5, indicating that this
surfoce loyer was highly unstable and well mixed fo a height of 200m where it merged
into the upper air mess. The physical reason for the lack of any sensible heat flux
above the woves was the same as the warm sea case. Due to low atmospheric humidity,
the height of droplet concentration wos greatly reduced; i.e., nearly all droplets had
evaoporated ot 2> 2.

Case 3 represents a more cooler sea with a sea fo upper air temperature difference
of T, -T,= -3°C, see Fig. 4b. This JASIN dota was obtained over the Firth of Clyde,
Scotlond, on November 5, 1977, during the passage of o storm. The sea was covered
with well defined breaking waves and long streaks of trailing whitecaps. Water droplets
concentration was measured by a water droplet detector mounted on the apex of a 9m
long A-frome which was hinged to the bow of R.R.S. Challenger. In this manner, the
detector could be lowered to the sea surface or raised above the bow by a cable and
pulley system mounted on the foremast of the ship. We found very little measurable
concentration of droplets ot levels Z>2.5 . The droplets were also highly concentrated
in dense plumes to the lee of breaking waves and were unevenly distributed in space.

In addition, the lorge heoving and pitching motion of the ship made accurate determination
of the droplet concentration profile a formidable task in the field. The calculated




(a) 0. 5" o 14 18

Fig.4. o) Simulation of cold sea, Case 3. b) Sounding taken during passage of
a storm, 1977 JASIN experiment.

droplet concentration profiles gave a generally strong, low level, stratification of
droplets as was observed in the field. Due to evaporation, the concentration of the
10 droplets Q) at Z> 1.5 was less thon the 40p droplets Q.  This result wos
contrary fo the fleld dato which indicated much larger @, . It was possible that the
field dato had included the counting of salt nuclel as submicro droplets. In general,
the measured droplet concentrations for the larger droplet groups were less than the
.predicted volues. This problem will have fo h resolved by additional future studies.
The atmospheric simulation for this case was made below a reference height of 2= 90m,
with 7,=9.6°C, Hy=0.5, T, =11.3°C, and Uq=12.5m/sec. In Fig. 4o, we

note that the temperature profile above the wave crest was almost vertical . It indicated
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o positive potential temperature gradient or heating by the upper air. In spite of the
fact that the sea was 3°C cooler than the upper air, there existed a strong negative
temperature gradient within the wave trough. Hence there was continued heating of
the air by the sea. These sensible heat fluxes were clearly baloncing the latent heat
sink of the water droplets. The vertical water moss flux was found to be qw-2.9xlo'5
g/cmzuc, which was equivaler:t to an evaporation of 2.5cm of water per doy ond

a vertical latent heot heat flux of l.7x|0.2eol/cmznc - the energy that was fueling

the storm.

Case 4 represents a very cold sea with o large seo to upper air temperature
difference of T, -7 =~ 11.8°C, see Fig. 5b. This condition is typical for the formation

R -1.0 -08T-06 04 02 0
D\ D, 0 D, D4 0. 04 D

s daraims

P ———

o) 05 0 .
Fig.5. @) Simulation of very cold sea with light fog, Case 4. b) Sounding by
Gmmons (1,.p. 57).
H




of a strong inversion and creation of a very humid surface layer which con easily
developed into dense sea fog. This sounding was token by Emmons (1, p. 57) over the
Atlontic Ocean at 40°N and 71°W, with light sea fog below the 20m level and
warm dry air above 200m. The enalyticel simulation was for o reference height of
2o=20m, with T,=19.2°C, Hg=0.98, T, =17.2°C and Ujg=6m/sec. One notes
in Fig.5a that only under very cold sea will the air heot the sea os indicated by
the positive temperature gradient ot sea level. Above z=20m, noflg.Sb, there wos o
general increase in the tfemperature gradient. This increase was due fo the evaporation
of dropleis at highor elevations, thus cousing o strong inversion layer which fended fo
cap off the humid surface layer. Due 10 the large increase In the droplet concentration,
the plotted scale for Q,, wos increased by 10. Note that only the d; ond dy size
droplets were able to reach high elevation to form sea fog. Here ogoin at 2> 6 the
value of 87 wos greater thon Ty . However, the actual concentration of the d,
dtoplchotnuhvolmb&oﬂu’lﬂd!hmﬁbvcmﬂmc”wbg. The
sensible heat flux ot T=2 was -7.8x10™% cal /emZsec and the moss water flux wes

: I.lxlo-ég/emzm. The woter flux wes small compored with the other cases,
because there was esentially no eveporetion from the sea surfoce or from lorgs water
droplets due 10 high humidity ot seo level. The water flux wos mainly contributed

by the evaporation of the d, and d, droplets ot high elevation. To make this cleor,
we have shown in Fig. 6 the normalized water moss flux contributed by different size
groups of droplets ot the T=2 level. It Is expressed s q 4 /q 4d,,, where Un It
the vertical mass fux of the d, size droplets ond q  Is the total droplet wass flux.
Smooth curves were drawn over the data blocks such that the areas remai «d unity
under the curves. One notes that for'case 4 the Flux was mainly contributed by the
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Fig.6.  Contvibution to the vertical droplet mass flux ot T=2 by different sizes of
water doplets, for cases 1,3, ond 4.

10 1o 60 fog droplets. For case 3, under force 6 wind, the main contribution wos
broaden to the 30 to 3004 droplets. This was due 1o a wind force sufficient fo keep
the lorge droplets long enough in air for evaporation. Thus under hurricone wind the
contributior: from the large droplets will become very large. For cose 1, with force
4 wind, the main contribution was narrowed down o the 30 to 140y droplets. There
mohﬁmmﬂhthhh|b20um,mmmu
already been evaporated before reaching the =2 level.

We may briefly conclude that the present analyticol model hos clorified many
Wlummhgmmmhﬁksdﬂnm-olvlmch‘ 1t is hoped thot
with further refinements to the model an accurote means could be found to estimate
under all climatic conditions the various fluxes over lorge bodies of water.
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