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ABSTRACT

This thesis develops a model for the estimation of
the surface fluxes of‘momcntum. heat, and moisture of the
cloud topped marinclatmosph.ric boundary layer by use of
.at-liit. .rumotcly sensed paramaters. The parameters
chosen for the problem are the integrated iiqutd wnﬁcr
content, Qg the integrated water vapor content, Q4 thc'
cloud top tnmpnrntutn,‘ the liaAlurfnco temperature, and
uifh.r a measure of the 10 meter neutral wind speed or the
friction velocity at the surface.

Under the assumptions of a horizontally homoganesous,
well-mixed boundary layer, the model calculntés the
equivilent potential temperature and total water profiles
of the boundary layer along with the boundary layer height
from inpqt- of ql;, qvi‘ and cloud top tcmpprafﬁr.. These
Vvalﬁnl, along with the 10m neutral wind speed or friction
velocity'and the sea -uffncn temperature, are then used to
estimate the surface fluxes using the methods of GBtage
(1979) and Liu, Katiaron, and Bdlinan (1979).

The development of a scheme to parameterize the

integrated water vapor outside of the boundary layer for

ii
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the cases of cold air outbreak ‘and California coastal
stratds is presented. The scheme involves the mean
profiles of relative humidity and temperature along with
the mean jump of potnnti;l temperature through the
invaersion to cnl;ulat. the integrated water vapor. In
turn, this leads to a method of calculating the radiative
temperature  flux at the cloud top by use of Staley and
Jurica’s (1970) 1972) radiation model. | | |
Sensitivity studies are .prupnntnd showing the
potential accuracy of the technique. The nudnl's'qxp-ctcd
accuracies with existing satellite technology are 24% far
the 'hn;t flux and 82% for the moisture flux.  However,
these expucted errors will b-;reduccd with tmpfovémant of
the sat.llitq parameter retrieval algorithms. |
In cqnclusion, with improvcmcntq ‘of current
technology, th.'modnl will provide rnnson‘blc eqtim.tei of
the surface fluxes. The model is the only‘an. of ite kind
currently  available to estimate the surface fluxes of
mom-ntum; h-@t, and 'moiltur. of the cloud topped marine
atmo-phcr;c boundary lny;r $rom l.t.Llit. . measurable

parameters.
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CHAPTER 1 1 INTRODUCTION

1.1 PURPOSE

The purpose of this thesis is to develop a model for
the ;stimation of the surface fluxes of mon.ﬁtum, ﬁ-nt,'
and moisture by use - of satellite r.motcly‘ sensed
pnf.hotcrl of the cloud-topped marine atmospheric boundary
layear.

Th.‘thllil firpt introduces the problem. _Bccand. the
equations used to solve the problem ;rn shown. Third, the
computational form of the model is pr.icnt.d. Fourth, the
 results of the tcltArun- of the model are giv-ﬁ. Last,
the thesis conclusions are drawn.

The satellite parameters chosen for this problch are
the integrated liquid water content of the atmosphere, the
integrated water vapor content of the atmosphere, the
' cloud top temperature, ’th. saa lurfadn_ temperature, and
either ; ncalurnm;nt of the 10 meter neutral wind speed or
the friction velocity at the _-urfdc.. This set of
parameters is not the only posiiblc set, but the

~tcchnoloqy exists today to remotely sense this uet; hance,
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it was chosen fbr this study. The current technology to
measure this set is discussed later in this chapter, but

 first the 1mportnﬁc._of this study is considered.
1.2 SCIENTIFIC IMPORTANCE OF COLD-AIR OUTBREAK

Modelling of the air-sea surface fluxes of momentum,
h.at.‘ and moisture by use of remotely sensed latlllitn
parameters is of importance due to the effect these fluxes
have on the r.qionnl and qlobﬁl weather.

Cold air outbreak has a pronounced effect on the
western sections 66 midlatitude oceans off the mast coasts
of Asia and North America. In these regions, high winds,
large ajr—sea temperature differences, and relatively dry.
air combine to give heat and moisture fluxes which are
muéh greater than oceanic means. These fluxes over the
warm water currents of the Kuroshio and Gulf Stream nr;
'lknown to have profound effects on cyclogenesis and storm
intenlif;cation, pnfttcularly on the development of
wintertime cyclones ‘from Taiwan and Cape Hatteras lows
(Chou and Atlas, 1982; Agee and Howley, 1977).

Recently, a method has been suggested by Chou and
Atlas (19682) and Btage (1983) to estimate the heat and

moisture surface fluxes in the region between the shore
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and the sdge of a cloud bank auring cold air ouﬁbrcak, by
remotely sensed parameters. This motﬁodiuscl the boundary
layer model developed by Stage and Businger (1981 a,b) for
cold air outbreak. Further research is neededy; however,
to extend the estimation of the fluxes into the cloudy
region. Hence, the reason fot this study is the need of a

model to estimate the surface fluxes in the cloudy region.

1.3 THE MODEL

The model developed in thi; study is caphbl. of
astimating thg surface fluxes of momentum, heat, and
moisture during a cdld air oﬁtbr.ak by use of remotely
sensed parameters aof the marine atmolpﬁnric boundary
layer. fhis model is bﬁlcd on the models of Stage (1979)
and Liu. at QL; (1979). It assumes unstable boundary
layer conditions and us.nAfh- Businger diabatic profiles.
Because of fh- assumption of unstable conditions, the
model is not valid in nlutfal or stable conditions.
However, the large air-sea temperature differences common
in cold air ocutbreak or the large cloud top radiative
temperature fluxes seen in California coastal stratus

cases both produce the well-mixad boundary layer



conditions needed for the model to run. The model is also
limited by the presence of fag. Al though the model has
been revised to include the presence of advection fog, it
is wstil]l unclear as to how the equations which calculate
the lurfnéu fluxes react in foggy conditions. Hence, fog

is an area in which further study is necessary.
1.4 SATELLITE TECHNOLOGY

The technology  exists today to mnanur; the
parameterss cloud topAtnmpcratur., integrated water vapor
content, integrated liquid water content, sea surface
temperature, and either a 10m neutral ninq speed or ;
friction velocity fDr.UI. in thi: model to estimate the
~surface fluxgi.

Clqud top t.mp-rgturc may be obtained from infrared
satellite measurements, such as the infrared sensors on
the BﬁEB -qnt and west satellites. The other parameters
may be calculated by use of a scanning multichannel
microwave radiometer (SMMR) such as the one carried aboard
SEASAT or the one currently nbdard NIMBUS 77

The SBSMMR instrument’'s primary purpose is to measure
sea surface t.mp.rntur.-and to praovide a m.nlurennﬁt of

the wsurface wind spead. However, 6MMR also provides
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estimates of atmospheric water vapor and ltquid‘ water
contents. The latter two parameters are fouﬁd by scanning
over various channels and employing an algorithm developed
by Chang and wiihcit (1979) . An survey of B8MMR's
capabilities may be found in the book, Satellite Microwave
‘Remote Sensing, edited by T.D. Allan (1983).

-Alv ‘ohe can see, uith existing tcchnolbqy the
’parnmuters needed for this model may be estimated from
satellite men-urnmcntl._ In the next chapter, the model

development is discussed.
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CHAPTER 2 1 MODEL DEVELOPMENT

2.1 INTRODUCTION ..

The 'mod;l development is discussed in this chapter.
As -fat-d in the first chapter, the purpose of the model
is to estimate the surface fiux-lof_momnntum, heat, and
moisture. One method of acqomplllhinq this task is ¢to
find an estimate of the variables GL, Qe+ and z,, (See
Figure 2.1.1). This may be done with satellite
‘mensufcmnntl of Eab’ Q;4» and q.4y and assuming an
unstable, well mixed boundary layer with 9. and q¢ being
conservad quantities (See Figure 2.1.2). | Then, with an
estimate of the neutral wind speed or the friction
vnlocify and the sea surface t.mbcratur., the surface
fluxes may be found by using the bulk asrodynamic
formuias (See'Fiqur.~2.1.3).

First in this chapter, lomn. basic variables and
th.rmbdynnmics are introduced. S8econd, the dnrivntlén of
nqdations for  the model are shown. Tﬁird. the model
equations are inverted. Fourtﬁ, the qquattonq used to

estimate the 'lurfnc¢ fluxes are shawn. Fifth, the
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-.pnram-torizltion of the liquid and water vapor contents
outside of th.'baundlry layer is presented. Last, a

method to calculate the radiative temperature flux at

cloud top is discussed.
2.2 BASIC VARIABLES AND THERMODYNAMICS

The basmic variables 4us¢dA in this paper are now

introduced.
T Dewpoint t.mp.rntuf.
e Potential temperature
eb Sea surface temperature
Gb Cloud top temperature
@ Total water mixing ratio
Qb Water vapor mixiﬁg ratio at cloud top
b Liquid water mixing ratio at cloud top
z, Cloud top height
z Cloud base height
‘Z. Saturation level height
k VQn'Knrmaﬁ'- constant
€‘ Ratico of molecular weights of water and air

Thi basic thermodynamic properties are now shown.

The equivalent potential temperature may be approximated
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by

6.- e +(L ca, (2.2.1)

where L 1is the latent heat of evaporation for water and
C_is the specific heat of air at constant pressure. The

taotal water mixing ratio is defined as
q,=q,+q, (2.2.2)

'Thc Clausius—Clapeyron equation may be written as

d.-[(QLVE)/((Td’)R)]de (2.2.3)

. where ® is the water vapor partial pressure and € im taken

as 0,622, The water vapor partial pressure is related to

the mixing ratio by
qv-(Elp)c . (2.2.4)

where p-atQOIphofic'prouuur.. The differential of (2.2.4)

glves
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(dqv/qv)-(dlln)—(dp/p) (2.2.3)

SBubstituting the bhydrostatic cqqntton dp/dz--/:g, the

perfect gdl law, p-/DRT. and (2,2.3) into (2.2.3) gives

(dqv/qv)-ﬂLvel((sz)R))de+(ql(RT))dz (2.2.6)

Now, (2.2.6) may be integrated if one knows the

saturation mixing ratio, q corresponding to some

r*

dewpoint temperature, T, ., allowing the defining of two

functionsas:
Q(T)-qrcxp[((—LVE)/R)(1/T~1/Tdr)l' : (2.2.7)
.and
Td.“(q)-[(RI(LVC))ln(q/qr)+1/Tqu—* ' (2.2.8)

Thus, Q(T) is the saturation mixing ratio for air at z=0,
with temperature, T3 and Td.“(q) is the dewpoint for air
at z=0, with water vapor mixing rqtio, q. These two

functions are inycrlcl| thcr.ford.
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ToT [ (B(T)) _ (2.2.9a)

- and

q=a(T L an : (2.2.90)

de

In order to evaluate these functions, Stage (1979
aobtained laturatton‘vapar pressures from the 8aithmonian
Hctoorologic#l Tables. He chose values to give the best
fit for the temperature range between O and 10 *=C. fhis

gives the function as

Q(T)=S.3542x 10~ (@xp[-5399. 284 (1/T-3. S9505%x 10~>) 1)
(2.2.10)

and

T gy Q) =5399. 286/021.0640-1n (qx 10™) ] (2.2.11)

de

where T and Tdcw are in Kelvin and q and Q@ are in @g/kg.

The liquid water potential temperature may be defined as
O, - €,-(L /C)a, | (2.2.12)

and since EL and q, are conserved in non-precipatating, no
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ice, parcel motion, 61 is also a conserved quantity.
Below the saturation level, ql-o. and 61- e. The

saturation lavel or lifting condensation level ii

expressaed as

do)/(T-(qT)/(LVE)) ' | (2.2.13)

?.-(GI—T

where § is the dry adiabatic lapse rate and (gT)/'(LV €
may be expressed as the lapse rate of dewpoint, The last
thermodynamic property to be introduced is the virtual

potential f-mp.ratur-, ek.
B, 0u+11/€ ~1)q -q;) (2.2.14)

Virtual potential temperature introduces the effects of

both the buoyancy of.natcr vapar and liquid water drag.
2.3 DERIVATION OF MODEL ‘S EQUATIONS

The equations used in this model were developed for
the case of cold air outbreak. The marinse atmospheric
boundary layer (MABL) is assumed to be cloud topped and

well mixed with e: and Q. being conserved qQquantities. The
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cloud base is assumed to be equal to th-'-aturation level
and that all motions in the cloud layer are saturated.
The cloud tqp is asmumed to be pquivalnnt to the base of
the inversion layer.

A method is nesded to,dnt.rminq values for the cloud
tép temperature, eb, the integrated liquid wafnr content, .
Ay and the integrated water vapor éont.nt. L e of the
marine boundary layer. The marine boundary layer model
d.vnlop.d by Stage (1979) provides such ‘ m;thod. Stage
incorporates a routine to handle saturated partial
behavior in which inputs of GL and z, produce values of

and q, for a saturated parcel. Hence, with inputs of 6.,

Qv and zy, it is possible to find eb. Qg and Q,4°
A method ims now shown in which the cloud top

temperature may be estimated by use of an iterative method
with idinitial inputs of GL, Q.+ and z,, and an initial

guess for e%'

Cloud top temperature may be found by use of the
following equations.

Tdb-eb-<a—<gr>/<;v£>)zb (2.3.1)

The water vapor mixing rattq at cloud top may be found by

using (2.2.9b) and (2.3.1) where
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Q,,=Q(T ) ' . (2.3.2)

From (2.3.2) it follows that
qub-dQIdT[deb-w'X-WQT)/(LVE ))dzb] (2.3.3)
The finite difference form of (2.3.3) is
d@/dT=CQ(T ,, + 4T)-q,,, 3/ AT | | (2.3.4)

_whirn AT i a small increment. The quantity, S‘eb' im

cxprniscd as

Xeb-: IR 9b+-u_v/cp>qvb1/c 1+(L,,/C,) d@/dT] | (2.3.5)

Therefore, by making an 1n1£1a1 guess at eb, one ui.y use

equations (2.3.1) to (2.3.5) and

ebnw; Cpora* X5b

one may iterate numerically until a suitably small SbbAig

reached, thus providing eb and Ap°




ORIGINAL PAGE: iS
OF POOR QUALITY

17
The 1liquid wat.rAmixinq ratio at cloud top may be

found from

In order to solve for the integrated liquid water content,
LR the depth of the cloud layer, dc must be found.
Using equations (2.2.12), for 65. and (2.2.13), for )

‘and assuming thnt-z., the saturation level, is squal fo

zé, the cloud base level
dC-zb_zC- | ‘ : (2._3- 7)

Below cloud base, Q,=0. The liquid water mixing ratio is
 assumed to increase ltnnnfly with height from z, to LI

.nnd then is assumed to be equal to zero above the boundary

layer (See Figure 2.3.1).
Thus the q, profile in the cloud layer forms a

triangle, and the integrated liquid water content may be

found by
q“-O.qulbxdc | (2.3.8)

The integrated total water content, qti' of the boundary
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layer is expressed as

L
Qpg™ | 92

o

8ince Q. is well mixed in the boundary layer

qti-thzb ‘ _ (2.3.?)

Hence the final gquantity, the  integrated water vapor

content, may be found

Now that the quantities, €9b' Qi and Q4 have been

derived, the problem may be inverted.
2.4 INVERSION OF EQUATIONS

The previous section showed a method in which with
inputs of EL. Qg and z,, were used to find the satellite
parameters 6b' PR ind Q4" In order to compute the
bouﬁdnry‘lnynr profiles from these satellite parameters a

numerical method must be found to invert the set of
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‘mquations in the last section. By inverting the equations
in Section 2.3 allows one to take the satellite measurable
data and calculate z, and the boundnr9 layer profiles of

©_  and Q- To begin, the satellite mesasurable parameters,

e
Q4+ Q,+ and eb are used as input. Then one may
calculate

Qe =g ¥4 (2.4.1

it is also possible to express qti as

. !h? eg
Ay Qgdz+ Qpdz

iy o
zb? '
Taking qtdz as a known quantity, this will be
 J

[
discussed in Section 2.6, and taking qt-conltant b.low_zb

one may write
qtl‘} Qpdz+q,xz),

where

thzb-qti—ji Qe dz . (2.4.2).
B . : .

We now have the quantity (thzb) from which'qt and z,, may
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be found by Quessing z, and solving for Q- Then, by use
of the following set of'-quation- and a reguls falsi

method, it is possible to estimate the variables GL, Qp o

and z, which are needed in the flux calculations.

By guessing z, and solving
Q. =(q,xz,)/z, N (2.4.3)

one {is left with qt and zb. From equation (2.3.1) one

- gets

T~ eb-cr-(gn/(ch Mz (2.4.4)
The water vapor mixing ratio may be found by

qvb-G(Tdb) : (2.4.5)

Where Q(T) is the function described by equation (2.2.10).
The equivalent potential temperature, 6.. is found from

.equation (2.2.1)

6.- ebﬂt_v/cp)qvb (2.4.6)
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The liquid water mixing ratio at cloud top is

9 p"% U p (2.4.7)

The dewpoint just above the sea surface may be found from

T 40" daw (9t (2.4.8)

Where T (q) is the function expressed by equation

dew
(2.2.11). The 1liquid water potential temperature comes

from'-quntion (2.2.12)

91-. B (L /C 0 a, - | (2.4.9)

The saturation level may be calcul ated using equation

(2.2.13)
z = el—frdo)/c!-cqr)/(Lve )) (2.4.10)

1€ z is greater than z,v NO cloud.tl form.d‘;n thnimodcl.
and the model ends. If z is less than zero, th.n.foo is
present below cloud level. In the case of fog.‘qli; is no
longer proportional to the area of the trinngl. shown §{n

Figure 2.3.1. The trapezoidal rule can now be applied as
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Figure 2.4.1. Profile of qQ, in ﬂarinc.Boundary Layer with
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can be seen in Figure 2.4.1.

The value of qQ, at the cloud base i- called et
Under no fog conditions, q, _=O. In the case of fog, the
cloud base is at the surface and Qc is not equal to zero.
Note that the term “"fog" refers to advection fog. 1¢ faog
is present in the bounany layer, q1c may be found from
the input values of 6.‘. Qe and z g by thn.-nmc 1£cr¢tiv.
method shown in Section 2.3.

The dewpoint temperature at z_ may be found by
Tia" e.—(l-(gT)/(LVC))z.  (2.4.11)

where a value for EL has been guessed. The water vapor

mixing ratio at saturation level is

Q=@ (T ) | (2.4.12)

where Q(T) is from equation (2.2.10). A small increment,

DT, is now introduced in which

Tdsncw-leold+ ar - , ‘ (2.4.13)

The mixing ratio of Td is
snew
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) =Q(T ) , , (2.4.14)

alT dsnew

dsnew

found by the same method as (2.2.11). The finite

difference form, equation (2.3.4), is now employed

dQIdT-(q(Td'n.")-qv.)/ AT ‘ (2.4.1%)

From equation (2.3.5)

§o ’
.'-[ 9.-( e|+‘Lv/Cp)-qu) /C 1+(Lv/Cp)dQIdTJ _ (2.4.16)

If {9. is less than some tolerance level than Q) May be

found by

Uc"% U (2.4.17)

Otherwise, equations (2.4.11) to (2.4.16) are repeated

with

snew esol a* 8‘6_ : (2.4.18)

until Ye is found.

If 0<zc<zb than a cloud is formed in the model and no
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fag 1is present. Thin. the triangle rule illustrated by

Figure 2.3.1 applies. The equation used to handle both

fog and no fog cases is

qli-o'sqc(qlb+qlc) (2.4.19)

The alffcrincc between the value of 9,; calculated in
(2.4.19) and the value of q11 measured by the satellite is
then checked to see if it is below an acceptable tolerance
value. If it is not, then a regula falsi rouﬁin- is used
to calculate a new value of z, and .quntiqn- (2.4.3) to
(2.4.19) are repeated until an acceptable value .1I
achieved. Once this occurl; the boundary layer profii.u
of 6.- and q, are found. It is then possible to begin the
calculations to dcrivn the surface fluxes of momentum,

heat, and moisture, which is the topic of the next

section.
2.5 CALCULATION OF SURFACE FLUXES

The calculation of the surface fluxes of momentum,
heat, &and moisture may now be done. As discussed in the

first chapter, satellite measurements of bdth a neutral
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wind speed at some height and a friction velocity may be
Calculated by means of empirical formulas. Because the
debate continues on which is a More appropriate
measuremnant in its correspondence to the measured
backucatter, I have ﬁhoscn to allow the use of either in
the model. With the addition of satellite measured sea
surface temperature, the surface fluxes may be found.

By following the method of Liu, et al., (1979), . the
surface fluxes may be estimated by first finding u, and

2 Then, the roughness Reynolds number is computed from

o*
which z, and zq are found. With the addition of the sea
surface temperature and mixing ratio, the surface fluxes
may be fdund by using thn bulk asrodynamic formulas and
the Businger-Dyer unstable diabatic profiles.

For input involving a neutral stability wind, Kondofn

(1975) relation is used

Cdn-p+q(u!°n)' (2.5.1)

“hor. Py qy and r are constants whicﬁ vary for wind speed
velocities between 0.3 and 50.0 m/s. Kondo’'s relation was
chosen because of its ability to cover large ranges of
wind speed. This allows the model to incorporatn caseas

such as California cbn-tnl stratus which do not exhibit
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the large air-sea temperature differences common for cold

air outbreak; thus, creating a near neutral atmospheric

stability.

Equation (2.3.1) may be expressad as

fU,/ulon)z-p*qC(U./k)ln(IOIzo)J" $2.5.2)
where 1 have used

ulon-(u’/k)(ln(IOIzo)) : (2.5.3b)
One may calculate the friction velocity, u,, by

U= (Cyp, (Ugon™) ) 72 | | (2.5.4)

The roughness length, 2,y may be found from the expression

for u in equation (2.5.3b).

10n

lo-IO/[pr((utonk)/u.)J (2.5.3)

For input involving satellite derived friction
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velocity, Charnock’'s (1935) relation is used to find the

roughness length. The equation is
z,=a(u,)>/g ' (2.5.6)

where g is the gravitational acceleration and a is
Ch.rnéck'- constant. Wu (1969) 1in his study of sea
surface roughness, found a=0.0156 to be a reasonable value
for a large rnnq.'of'occnnic data.

Following the method of Liu, et al. (1979 the

roughness Reynolds number is expressed as

R o=z oue/v (2.5.7)

where V is the kinematic viscosity.

zq may Ab. expressad in terms of the roughness Reynolds

number by

z -(anr“"v)/u’ ' (2.5.8)

t

and
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zq-(lzﬂr°z‘9)/u’ . (2.5.9)

uﬁcfn the coefficients &y bl' ay, and b, for different
ranges of Rr are shown in Table 2.5.1, taken from Liu, gt
al. (1979).

The distribution of velaocity, temperature, and
humidity for the surface layer, outside of the region

where molacular effects dominate, are govnrh.d by the

' Businger profiles

(U=ug) sugmCin(z/zg) - ¥, 3/k (2.5.10)
(8- 05170 y=r1ntz/szy)= P 1/ otk (2.5.11)

(q-q,0/q,=Cln(z/z )~ "i'quol <X : (2.5.12)

qQ
The diabatic teras, ¥V , V., and 4Pq are given by
1’“-2 Ind(C l*(l-pu(lolL) ) ""]/2)"‘1"((1"'(1-Iau(lo/|-) yr/23/2)

-2tan— [ (1~ pu(zoll_) yrsa34 V)2 | (2.5.13)

Yem2 1ncl1+(1-A (zo/L0) 27 21/2) (2.5.14)
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Table 2.5.1. Lower Boundary Values of the Logarithmic
- Profiles z u’/ -an';“‘ nnd_zqu’/ -anr'"

t
Re . b, L b2
0. - 0.11 0.177 o, 0.292 0.
0.11 - 0.825  1.376 = 0.929 1.808 0.626
0.825 - 3.0 1.026 -0.599 -~ 1.393 -0.528
3.0 - 10.0 _'1.525' _ -1.018 1.956 -0.870
10.0 - 30.0 4.661 -1.475 4.994 ~1.297

30.0 - 100.0 . 34.904 -2.067 - 30.790 -1.843
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and

- - A/ S,
’*'q 2 InCL1+(1 Pq(zq/L)) 1/72) (2 3.15)
respectively. " Liu, et 8l (1979) used k=0.4,

1/<dhk)-1/(e<.k)-2.2.' and /du-/?t-/@q-,b,
To include the effects of the buoyancy of water

vapor, the Obukhov length, L, may be expressed in terms of

 the virtual bgtmtul temperature flux
L= O u, ™/ (gk O, | (2.5.16)
 where ev comes from squation (2.2.14)

X 91‘<1+-('1/£ -1)qy) | | o (2.5.17)
nndi Ov’ ts expressed as

O, = 0,(1-(1/E ~1)q,)+(1/7€ -1 O q, (2.5.18)

The profiles (2.5.10) to (2.5.12) are formulated in
terms of mean quantities for the boundary layer. These
mean values can be associated with the surface flux

profiles. Near the surface, meschanical shear dominates
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and large gradients may exist in the mean profiles.
" Higher up, buoyancy begins to dominate and the shears
qraduilly vanish as the profiles approach their mixed
layer mean values.

If a matching ﬁ.ioht. h, is introduced it is possible
to solve the problem of éntching the mean Q1x-d layer
ﬁro&ii-- with the surface layer profiles (Wyngaard, et
al., 1974). Let h be the height at which the profiles
(2.5.10)-(2.5.12) produce the mixed layer mean values.

Then one may write
ln(hllo)-QL(h/L)-ln(—h/L)-'?h(-h/L)-ln(-zolL)

Inth/z, ) - 'V't(h/u-xn(-h/u- "’t(—h/L)—ln(-z'tlL) (2.5.19)

t

. 2 ) _ _ - _ _
lnth/ q) *a(h/L)-ln( h/L) qa( h/L) =1n¢( :q/L)

fh. hq{ght at which the gradients become vanishingly
small is ld-tnrminod-by the relative importance of shear
and buoyant production of turbulence kin.tic energy and
thus bh should be proportional to -L. (Wyngaard, et al,,

1974). Therefore,
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K =Ln(-h/L) = ¥, (-h/L)
Ke=1ln(-h/L) = ¥, (-h/L) | (2.5.20)

Kq-ln(—n/L>-ﬂ3<-h/L)

are constants and the profiles (2.5.10)-(2.5.12) may be

expressed as

(umug) fu =CK ~In(-2,/L) I/k (2.5.21)
(O =61/ B =tK ~In(~2, /L) I/cA Kk : (2.5.22)
(a-85) /qu=CK -1n(-z /L) I/ & k : (2.5.23)

Wyngaard, et al. (1974) took -h/L=-10.0, thus giving
Ku-—O.Z and Kt-Kq--l.OZ.‘

In order to solve squations (2.5.21)-(2.5.23) the
Obukhov length, L, must be found. Equations (2;5;16)—
(2.5.18) show that it is necessary to know é’ and q, in
order to do this problem. If an initial guess of O, is
given and .quattod (2.3.17) is used to molve for 6v' the
‘Obukhov lénqth may be determined by equation (2.5.16).

The paramit-r e. may be found from equation (2.5.22) and
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the satellite measured sea surface temperature eb.

hk(Kt-ln(-zt/L))J (2.5.24)

©,=(0,- B)/te
The sea surface value of the water vapor mixing ratio, LY

may be found by using the function Q(T) expressed in’

equation (2.2.10).

q,=a¢ O, 4 (2.5.25)
Assuming no liquid water or ice is present in the mixed
layer where the mean profiles exist, q, may be used as the
value of the water vapor mixing ratio of the mixed layer.

Thus, q, may be found from equation (2.5.23).
q'-(qt-qo)/t°‘.k(Kq-ln(-zq/L))J | (2.5.26)

‘A naw value of ev‘ may now be calculated unihg equation

(2.5.18).  The diff.rnncc between the guessed value and

the calculated value of ev’ may be found

A0 -0

ve Yveguess

(2] (2.5.27)

ve#calc
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When Aevl reaches a small value approximately equal to
zera, ev. has been found, and therefore, the values of O
and q, are known.

The ‘surface fluxes associated with the profilcl

expressed in equations (2.5.21)-(2.5.23) may be written as

uw| gmuym (2.5.28)
w’ e'lo“ﬂ»Q; -' : o (2.5.29)

where u‘n'lo is the surface flux of momentum, l!'é"o is
the surface flux of sensible heat, and w'qt'lo is the

surface flux of moisture. Since u © .+ and q, are now

)
known, the fluxes may be calculated from these -quntiopq.
The method lilt.d-abbv. for determining th.‘ fluxes
assumes unstable conditions. Therefore, a limit muit be
place on the cnicul.tionl for when conditions approach
near neutral lt.bilit*.
As conditions ipproach near ncutrnl. stability, the

relation zo/L goes to zero since L goes to plus or minus

infinity. The author chose to limit zo/L to be
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(zOIL’mins—l'OXIo—7 (2.3.31)

By gnkinq a typical value of z, over the ocean as 2.0x10—+
meters (Miyake, et al., 1970), this gives an upper limit

of the Obukhov length of
=L =w2000 meters

The maximum height of z, in the model is 2000 meters. In
order for the Obukhov length not to exceed zb, the
assumption expressed in equation (2.35.31) appears to be a

valid lower limit for near neutral stability conditions.
2.6 PARAMETERIZING WATER VAPOR ABOVE THE MABL

" A methad to parcm.tcriz; the water vapor content
above the MABL is now presented. An analysis is needed in
which the profile of qt.nbovc the boundary layer may be
found. From this profile, the integrated water vapor'4
content may be found since Q, is assumed to be zero above

z A climatological profile is the easiest means

b.
available of accomplishing the analysis. Schemes for both

cold air outbreak and California coastal stratus are given



in this section.

2.6.a Cold'Air OQutbreak

The profile for cold air outbr.@k was derived from
Vth. NABA Mesoscale Air—Bo; EXchange (MABEX) project. In
order - to find the profile of'qt above the boﬁndaf9 layer,
proftlcl of temperature, relative humid;ty. and mixing
ratio were studied. Tﬁc profiles of t-mporatur. and
relative humidity u§r¢ chosen to find the profile of Q-
The mixing ratio profile was discarded because the
relative humidity profile seemed more readily a‘hptnbf- to
a wide range of uituntipnl.

Given temperature and relative humidity, one nay'ftnd
Q,- 8o that'th- profiles studied in MASEX may be made
‘relevant to other cases, the lapse rates of temperature
and relative humidity were found. In addition, the m‘nn
Jump of temperature from the bottom of tﬁ. invnruion to
the top of the inversion was calculated along with the
‘ mean relative humidtfy at the inversion top. By using
these mean inucl af QQtnnd RH, and the lapse rates of
6 nqd RH, the profile .ﬁov. the boundary layer of qt.mny
be found.

The mean values of 86; and RH are 3 <=C and 45X,
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respactively. The lapse rates of RH and e are 8 X/km and
6 <C/km, respectively. By adding Bet to the cloud top
temperature and integrating over 10m steps using the lapse

rates listed above, qvi above the MABL. may be found.

2.46.b California Coastal Stratus:

Bimilnrly. a profth for Ca}tfornia coastal stratus
was computed. An.lysii of the profiles found in the
studies of Neiburger, @t al, (1961) an¢ Hiitin. (19735)
yinldnd the mean values for this case. Values of Aet-7°c,
RH=35%X, lapse rate of temperature=4 <C/km, and lapse rate

of RH=8 %/km ware extracted from the data.

2.7 RADIATIVE FLUX

Given the profiles above the boundary layer, the
ridintiv- flux at cloud top may be found by uling the flux
imin:ivity method of-Stnicy and Jurica (19703 1972). 8Bince
the model assumes no cloud above the boundary layer, the
flux at the top of the atmosphere is squal to zero.

The optical path length, u(z), is given by the

integration of the wntcf vapaor mixing ratio profile.
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2
u(z)-[ (q/7Q)dp (2.7.1)
I8 '

In equation (2.7.1)} z refers to the highest sounding

top
level available. The flux emissivity £(u) is found by

the interpolation 'of the values tabulatad by Staley and

Juricaj; thus, giving the downward radiative temperature

flux as

F -(a'//on)/ Td & (u(z)) , (2.7.2)
: Za :

since the atmo-phcrc is assumed to be cloud fr.c above the
MABL .

'Th. m.tﬁdd' described above, or any other similar
radiation model, will vyield a value for the radiative
temperature flux. Due to the uncertainties involved when
using mean profiles in place of actual profiles, the
radiative t.mp-raturi fluxes calculated by the model are
not yet reliable. When a better method of finding the
profile of water v;por above the MABL is found, the

radiative flux method listed above will be useful.
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CHAPTER 3 1 COMPUTATIONAL FORM OF THE MODEL
3.1 INTRODUCTION

The computational form of the model is discussed 1in
this ~chapt.r. The equations for the model are given in
Chapter 23 hence, this chapter references the equations
1HI£.ld of repesating them. This chapter shows the steps
neaded to produce estimates of the -urf.c.‘fluxc- from the

input data.
3.2 THE MODEL

In nrdir to cltim.tp the surface fluxu; of momentum,
heat, and moisture, the satellite inputs of cloud top
temperature, integrated liquid water content, and
integrated wnf-r vapor content must be converted into zo
and the boundary layer profiles of 6. and Qg » First a
guess of the boundary layer height is giv.ni Then, the
intngrat-d. water vapor content outside of .th- boundary
layar is found by the method in S8ection 2.6. - Then, the

method given in Section 2.4 is used to calculate 9., Qq v

41
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and z The integrated liquid water is calculated from

b*
the values found in Section 2.4. This calculated value is
then compared. to the l.t.llit. measured value. If the
difference betwesen the measured and calculated values of
4 is approximately esqual to zero, the model continu.p.
vnlu-‘of_thcvboundnrylllycr h.tqht, .and the process above
is f.pnntcd until the difference between the measured nnd'
calculated ;s is approximately equal to zero. |

Upon finding the values of e., C and z,+ the model
continucl.“ If a neutral wind speed is provided, the model
calculates the friction velocity and raudhn..: l;nqth by
the method -ﬁonn in equations (2.5.1) to'(2.5;5). On the
other hand, if a friction velocity is given, the roughness
length is calculated by equation (2.5.6). With the values
of u, and z4 ‘and following the method of Liu, et .IL;
(1979)., a roughness Reynolds number may be computed. This
is accdmplilhcd by equations (2.5.7) to (2.3.9).

fhu last pat.llttc measured value, the sea surface
temperature, is now Ql-d. Values of 6. and q, must be
found so that the fluxes may be computed. From O  and q,,
[c is found. The quantity (61—90) is used ‘for the

1

computation of O_. The quantity .(qt—qo)., where q, is

found from the sea surface temperature, is used for
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calculating q.{ With an initial guess of Gv’, equations
(2.5.16) to (2.5.18) and'cqunttons (2.5.24) to (2.5.25)
are Qmployid to calculate 6, and q,. Then evi is computed
by -quntiop (2.5.26) and compared to the value of the
orig;n.l guess of €L, by equation (2.5.27). I¢ ¢the
difference is not approximately qqdal to zero, a Agggglg
falsi - routine is Qmploycdl to compute a new Gv’. The
prdcoli above is repesated until - the difference im
approximately equal to zero, at which time the model
continues.

Finally, with values for u*; 6*, ‘and q_, the surface
fluxes of mom-mtum,.»hcnt and moisture may be estimated.
Equations (2.5.28) to (2.5;30)_nf. used to accomplish this
task. . |

A not; about the computations listed above. Original
test runs of the model showed that more than one solution
existed for each combination of input parameters.
Numericnliy, these solutions were valid; howaver, these
solutions were physically unrealistic due to the .xtr.m;ly
high dewpoint temperatures and low mixing ratios
encountnr-d{ - In order to “force" the model to converge to

the ‘“"realistic" answer the following was done. An upper

limit of 2000m for z,_ was chosen, since the majority of
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the physically unrealistic solutions were at z, values
- Qreater than 2000m. To handle the unrealistic lolugionl
fhnt occ&rr-d below 2000m, the initial guesses of z, for
the regula falsi routine were set at 1209 and 100m. Since
no double solutions were seen to exist below 1200m; any
solutions u;th z, l-li than this height will be accurnt.;
For lolutionl' between 1200 and 2000m, where double
qolution- might occur, a very r.-tri;tivcltol.rnncn was
placed on Ay Runs of the model show-d that q,; was
extremely sensitive to changes in height. By requiring a
near pearfect coﬁv.rd.nc. of the measured and calculated
integrated 1liquid Vwator contents, the 'problcm ‘of a
poisiblc double splution in the 1200 to 2000m range seens
to have been smsolved. | |
In this chapter, the computational form of the model
hé: been discussed. | The steps nesded to estimate the
surface fluxes from the original satellite dhfn have beean

shown. The next chapter deals with the model’'s results

for ites test runs.
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CHAPTER 4 1 MODEL RESW.TS

4.1 INTRODUCTION

The results of the test runs of the model are
dilcu;lcd in this chapter.  First, the applications of the
model are presented. Next, the purcdnt vari.tion of the
output pnr.m-tirl.uith variation of the input paraneters
is shown. Next, the expected accuracy of the model with
respect to current accuracies of satellite measurements is
presented. Last, the lfrcnqthl IndANl.anIlll of the

model are discussed.
4.2 MODEL APPLICATIONS

The model was originally developed for the case of
cold air outbrc-k|' howovgr, it may also be applied to
California con;tal stratus. The model assumptions of a
horizontally homoqcn.oun, cloud-topped boundary layer with
little or no liquid water above the boundary layer apply

to both cases mentioned above.

In order to test the model’'s capabilities, the

43
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routine described iﬁ SBection 2.3 was run over a large
range of Vllﬂ.l'fﬂf 9.. Qe+ and z,_. The predicted values
of eb" Q4+ and q_, from this routine wers then used as
input for the model. For the cases in which the routine
in Section 2.3 predicted clouds and/or clouds and foo,Afh-
model computed 4vnlu-l of e.,‘ Qg v and z, which agreed with
the vnrtab;-s inputted into th? routine. However, for
cases in which no clouds were predicted by thi routine,
" the model would not conv.ré. to an answer. The routine in
Section 2.3 was then run for typical r?ng.- of values for
the case of cold air outbreak with EL ranging from -30 to
'Qo. “Cy Q, ranging from 1.0 to 5.0 g/kg, and z, ranging
from 3500 to 2000 meters. The routines predicted values of
eb, qn,’ aﬁd Qyy were then used as the range of values to
compute the sensitivities of the output parametars

described in the next section.
4.3 VARIATION OF INPUT AND OUTPUT PARAMETERS

The percent variation of the heat and moisture fluxes
with variation of u,, , u,, eb, oy a4y and q,; is now
presented. The model was tested over the range of values
listed abov. plus the ranges for U:on of 5 to 20 m/e, for

u, of .1 to .7 m/s, and for 60 of 5 to 20 <C. The
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figures presented in this chapter are from on.Atilt rangs
of valucl. faf the madel. The 1npuf variables for the
cases shown here were held constant, sxcept when they were
the variable b.i'ng tested, at u,, =10 m/s, O =-15 -C,
80-10 “C, q,;4=300 m g/kg, and q ;=900 m g/kg.

The 10m neutral wind spesed was tested ov.f the range

of 5 to 14 m/s in this case. UlOn is related to the

surface fluxes through Ugs Zge Zeo and 2 The results of

qQ
the variation of both the heat and moisture fluxes with
respect to ulOn is nemarly linear. Analysis shows that
with a +/-10% variation in Yon resulting in a +/-10%
variation in both the heat and moisture fluxes.

The friction velocity was f-tnd next with a range of
.2 to .45 m/s in this case. The friction velocity is
directly related to the fluxes as well as through Zoe 2o
and zq. The results of the tests showed the variation is,
as in the case of Uion Nearly linwar. Analysis of the
results shows that a +/-10X variation in u, produces a
+/-9% variation in both the heat and moisture fluxes.

Next, tﬁ- cloud top t-mpnraturi was tested over ;‘
range of -15 to -10.5 =C in this case. The cloud top

temperature is related to the heat and moisture fluxes

through el and q. Results for the variation of the heat

R
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flux may be seen in Figure 4.3.1.

A meen in Figure 4,.3.1, 'th- heat flux'dccrcnlcl for
increasing eb' . The change in slope of the curve is due
to the presence of fog predicted by thc<mo&¢l. Because of
thn. uncertainty of the model ‘s evaluation of fluxes under
foggy conditions, only cases in which no foﬁ is present
w‘f.‘conlidcrud for error dit-rminntionl.' The error for
. the no fog portion of this case as well as in all other
canas is for a +/-1 “C change in eb. the heat fluk variol
by -—/+4%. Figure 4.3.2 lhonq- the variation of the
moisture flux with »_eb. |

As can'bc seen in the figure, the moisture flux.nllo
decreases with increasing eb’ The ;h.nd-. in slope bf the
curve seen in th-'ftqdrc corresponds with the formation of
fdo. The results for a +/-1 “C change in _Gb, in the no
fog cases, are a ~-/+4.5X variation in the moisture flux.

Sea surface temp.faturn was the next variable t.-t-d;
" The range in this case was from 3 to 14 =C.  Sea surface
temperature effects the heat €flux directly and the
moisture flux through 60‘ Figures 4.3.3 and 4.3.4 ‘show
the variations of heat and moisture fluxes, respectively.

As shown in the figures, both the heat and moisture
fluxes 1ncr¢n|. with increasing 60. For a +./-1 =C change

of B,, the heat flux varies +/-3%, and the moisture flux
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varies +/-7%.

Next, the integrated liquid water content was t--t-q
over the range of 300 to 480 m g/kg, for this case. The
integrated 1liquid water content effects the heat flux
through 61 and the moisture flux ;through Qq - Figure
4.3.5 shows the variation of the heat flux, and Figure
4.3.6.|h6w| the variation of the moisture flux.

As can be seen in-thQE- 4.3.5, the heat flux
increasaes with 1ﬁcr-aninq qli' Analysis -how|4th¢t for a
+/-100 m g/kg change n q,,, the heat flux changes
+/-0,25%. "However, in Figure 4.3.6, oni may see that the
moisture flux dccrcasil with increasing CITE A +/-100m
g/kg change in Qi produces a -/+3.5X change in the
moisture flux. ' |

Figures 4.3.7 and 4.3.8 show the variation of the
heat and moisture fluxes utth'vjrying integrated water
vapor content. The integrated water vapor was varied from
720 to 900 m g/kg, for this case. The heat and moisturu
fldx-l are ~gf?oct¢d by qvi through 61 and Qe s
rcsp-cttvily}

As shown in the figurin. the heat flux decreases and

the moisture flux increases with increasing q Analysis

vie

" shows that for a +/-100m g/kg change in Q.4+ the heat flux
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varies —/4+0.6% and the moisture flux varies +/-5%.
4.4 EXPECTED HQDEL ACCURACIES WITH SATELLITE DATA

The expected model accuracies with current satellite
technol agy im naw presented. Thrﬁuqh infrared
measurements, the cloud top temperature wmay  be found
‘within +/-2 <=C. The accuracies of the sea surface
temperature, th. IOm neutral wtn& spead, and the friction
velocity are +/-1.5 <“C, +/-2m/s or 20%, and +/-20%,
respectively (Gatellite Hicrowave Remote Gmspsipg, edited
by T.D. Allan, 1983). These values were cbtained from
.rcsulti of 8S8EABAT and NfHBUB 7 data analysis. The
expacted retrieval errors of the integrated 1liquid and
water vapor contents for the SMMR p.ckqg. on NIMBUB O are
+/-600m g@/kg and +/-1300m g/kg, respectively (Chang and
Wilheit, 1979).

By applyihg these accuracies to the percent
variations of the model discussed in the pchious I.CthﬂL
thi expected accur.cf of the model may be found. 81nc;
the dtffnr.ﬁc. of the variations with respect tq u10n and
u, is 1%, gh- larger of the two errors will be used.

BGiven a 20X error in satellite derived Usion® the

Qod.l will produce a 20X error in both the heat and
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moisture fluxes. " A 2 °C error in eb proauccl a 8X error
in the heat flux and a 9% error in the moisture flux. An
error of 1.5 =C in the sea surface temperature -qivc; a
4.35% error in the heat flux and an 6.75% erraor in the
moisture flux. A 650m g/kg error in q,4 Produces a 1.6%
error ‘in the heat flux and a 22.75% error in the moisture
flgx.~ An error of 1500m g/kg for Q,4 Gives a 9% error in
the heat €flux and a 75X error in the moisture flux.
Taking thnﬁ. errors to be independent of each other, it is
possible to compute the expected r.m.l.‘ error 64 the
model . For the errors listed above for each parameter,
tﬁe expected overall r.m.n. error of thi model is 24% for
the heat flux and 82X fﬁr the moisture flux (See }Tabl.
4.4.1). Al though thq.c errors are quite high, it must be
und.Eltood that the satellite t.chnﬁlogy whiéh allows the
measurements of the necessary parameters is still in its
infancy. The major errors in the model may be attributed
to the calculations of LI and qvi'. Future improvement in
the algorithms used to find these paraantn&s would
significantly improve thiIA model ‘s estimates of the

surface fluxes.



Table 4.4.1. Individual Expected Errors due

to Each

Satellite Parameter and Total Expected
Model Error
PARAMETER BATELLITE RM8 ERRORS HEAT MOISTURE
Uson _ 20% 20% 20%
eb ' 2.0 =C ax 9%
O, | 1.5 =C 4.5% 6.75%
9, | 650 m g/kg 1.6% 22.735%
a4 . 1500 m g/kg 9% 7§x
Total Expected R;H.B. Errors: 24% az2x
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4.3 STRENGTH8 AND WEAKNESSES

" The model ‘s strengths and weaknesses are now
discussed. The model handlies well in cloudy and cloudy
with fog conditions. The model is extremely quick, and,
Qiven -reasonable input accuracies, will produce ronsonnbic
estimates of the sdrfnc. #luxcl. As far as the author can
tell, the ﬁod.l'tl the only one currently available which
will provide estimates of the surface fluxés for a cloud
toppad MABL from satellite msasurable paramqtor:.

On- the other bhand, the model is not capable of
calculating the surface fluxes when a cloud is not
present. The calculation of the fluxes is also unclear
when gaps in the clouds are present. .If the gaps are
large encugh, the calculation of the cloud top temperature
becomes difficult, and the profiles assumed in the model
break down. The model ‘s assumption that the cloud fop is
also the base of the inversion is not always correct. The
cloud may extend intd.th- inversion layer; however, due to
the uncertainty of how far into the cloud the infrared
cloud top temperature is actually being measured,
this wesakness may be corrected. The presence of faog below

the cloud layer also presents a problem due to the
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uncertainty of how the model ‘s squations react to fog.
The main weakness of the model is the parameterization of
the water vapor above the boundary layer. The mean valu.l‘

chosen are not representative of all possible cases, and

further work in this area is needed.



CHAPTER 5 1 CONCLUSIONS

In conclusion, this thesis has produced a viable
model to estimate the surface fluxes from satellite
measurable parameters. The model applies to cases of cold
air odtbrcak. California coastal strqtus, or to any cloua
topped MABL which has a sufficiently strong heat flux or
cloud top radiative cooling to cause the potential
tqmpnratur. and total water profiles of the layer to be
well-mixed. With improvements of the current satellite
-technology, this model will provide accurate estimates of
the surface fluxes. 4Th- model is relatively simple and
nxtrnmnly quick running. The modql is also the only one
of its kind currently available to estimate the surface
fluxes of momemtum, heat, and moisture of the cloud topped
marine athoibhcric " boundary layer from satellite
measurable parameters.

In light of this thesis, some areas of furgh-r
research are suggested. More work is necessary to find a
method of parameterizing the water vapor content above thc.
MABL . More research is also necessary for testing the

model for the case of California coastal stratus to see

63
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how well it reacts under nearly nesutral conditions. The
evaluation of the surface fluxes under foggy conditions
and how well the model handles them is another area for
study. The.probl.m of gaps in the cloud deck and a method
to handle this is an area for further thought. Also,
other possible -ct; of parameters should be examined to

see if a better methad than the one presented may be

. found.
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