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ABSTRACT

Large areas of persistent low level marine stratocumulus clouds
occur primarily over the cool eastern oceans in the strong subsidence
to the east of the subtropical oceanic high pressure cells. The
climatology of these areas is reviewed, after which we present a
coupled convective-radiative boundary layer model of such stratocumu-
lus convection. The model, which is a slight generalization of the
cloud-topped mixed layer model of Lilly {1968), has as dependent
variables the cloud top height, cloud base height, mixed layer moist
static energy and total water content, the turbulent fluxes of moist
static energy and total water, the cloud top jumps of moist static
energy and total water, the cloud top temperature and the cloud top
jump in net radiative flux. Assuming horizontally homogeneous steady
state conditions we first investigate the dependence of the model
variables on the large-scale divergence and sea surface temperature.
Next, assuming horizontally inhomogeneous conditions we investigate
by numerical integration the downstream variations which occur as
boundary layer ajr flows through regicns of varying divergence and
sea surface temperature. In addition, approximate analytic solutions
are given. Finally, the design of an observational program to more

completely test the theory is briefly discussed.



1. Introduction

In tropical and subtropical latitudes there exists a subtype of dry
climate called the cool coastal dry climate, which is classified in
Kappen symbols as Bn, with the n signifying frequent fog (Nebel in
German). Bn deserts are typically characterized by intense aridity,
small annual and'diurnal temperature ranges and high frequences of fog
and low stratus. The distribution of these cool coastal dry climates
is shown ih figure 1. Al1 five are bordered by cool ocean currents
with upwelling. The five regions, their desert names, and the border-
ing ocean currents are listed in Table 1. Figure 2 shows the four year

TABLE 1. The five principal cool coastal dry

climates, their accompanying desert
names, and their bordering cool ocean

currents.
Region Desert Ocean Current
Coastal California and Mexico |Sonoran California
Coastal Equador, Peru and Chile|Peru and Atacama|Peru or Humboldt
Coastal northwestern Africa Sahara Canaries
Coastal southwestern Africa Namib Benguela
Coastal northeastern Africa Somali Somali

mean (1967-70) January relative cloud cover (Miller and Feddes, 1971).
Figure 3 shows the same field for July. Figures 2 and 3 indicate that
the Bn deserts 1ie primarily on the borders of extensive stratocumulus
regimes which occupy the strong subsidence regions to the east of the
subtropical oceanic high pressure cellsl The persistent Tow level
stratocumulus clouds occupy large portions of the eastern Pacific and

eastern Atlantic Oceans but apparently only a small portion of the

lCoasta] northeastern Africa is the exception.



Figure 1.

Distribution of the five
principal cool coastal dry
climates (Bn). After
Trewartha (1968).
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western Indian Ocean. These areas of marine stratocumulus convection
are most extensive in the northern hemisphere summer, when the upward
motion in the ITCZ and the downward motion in the subtropical highs is

strongest. Let us now examine each of these areas in more detail.

1.1 Coastal Oregon, California and Mexico

In Table 2 we present precipitation data for coastal Oregon,
California and Mexico between about 46°N and 15°N. The most arid
station in an annual sense is Ensenada with 161 mm. North of Ensenada
all stations show 1ittle summertime precipitation. While a summertime
minimum in precipitation occurs between Astoria and Ensenada, a sum-
mertime maximum occurs between La Paz and Tapachula. This is consist-
ent with figure 3 which shows that in July the stratocumulus regime
does not extend east of about 115°W. The area east and south of La Paz
is under the influence of summertime tropical disturbances and is, in
fact, an area of frequent tropical storms and hurricanes--on the
average eleven in the July - Sept. period (Gunther, 1977). If these
tropical cyclones move northwest toward the stratocumulus regime they
usually dissipate rapidly as they encounter lower sea surface tempera-
tures. A rare exception was hurricane Kathleen (September 1976), the
first hurricane since 1939 to enter the southern California region.

A typical example of the eastern North Pacific stratocumulus regime
is shown in figures 4 and 5. The temperature and moisture profiles
shown in figure 5 are from an NCAR E]ectral sounding at 37.8°N,

125.0°W and within one hour of the satellite image. The sounding

1This data is discussed more fully in section 6.



TABLE 2.

Mean monthly precipitation (in mm) for stations
along coastal Oregon, California and Mexico.
Data for this and the following four tables was

taken primarily from U.S. Dept. of Commerce

(1959, 1968).

Station Period of Record Latitude Longitude Elevation|Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec |Year
Astoria, Oregon 12 years 46.2°N  123.9°W 3m [302 218 194 127 69 74 29 41 70 182 284 267 |1857
North Bend, Oregon 29 years 43.4°N 124 .2°W 4m |261 212 194 98 70 43 11 13 44 141 217 266 {1570
Crescent City, ° °

California 15 years 41.8°N 124.2°W 17 m {338 255 214 112 92 42 23 13 44 178 193 2731777
Eureka, California 1951-60 40.8°N  124.2°W 24 m | 215160 122 62 57 22 2 4 21 69 125 1821041
San Francisco, - o o

california 1951-60 37.6°N  122.4°W 27 m |119 83 62 40 16 3 T T 9 14 41 109! 496
Monterey Peninsula, o o

california 12 years 36.6°N  121.9°W 638 m 88 55 40 31 i1 2 O 1 8 9 35 62| 342
Los Angeles, ‘ 5 o N : .

california 1951-60 33.9°N  118.4°W 37m {106 51 44 42 7 1 7T 1 1 &6 31 38, 328
San Diego, - o )

california 1951-60 32.7°N  117.2°W 11m 58 32 41 25 5 2 T 2 3 9 18 26| 221
Ensenada, Mexico 1951-60 31.9°N  116.6°W 15 m 38 21 16 20 8 T 2 2 O 15 19 20| 161
La Paz, Mexico 1951-60 24.2°N  110.2°W 18 m 4 1 3 3 1 8 22 28 48 14 26 171
Mazatlan, Mexico 1951-60 23.2°N  106.4°W 78 m 18 7 2 T 30211 182 218 87 10| 776
Manzanillo, Mexico 1951-60 19.1°N  104.3°W 8m 13 12 1 10 19 148 163 236 355 172 16 6 |1151
Acapulco, Mexico 1951-60 16.8°N 99.9°W 3m 16 T T 2 51 266 317 205 414 184 53 11 }1i519
Salina Cruz, Mexico 1951-60 16.2°N 95.2°W 56 m 7 3 3 T 34 309 234 161 231 62 5 71056
Tapachula, Mexico 1951-60 14.9°N 92.3°W 168 m 4 4 19 99 264 440 366 336 487 430 61 7 |2517
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Figure 5a. Temperature and dew point data from an NCAR Electra sounding at 37.8°N and 125.0°W and between
1522 and 1526Z. Dashed lines below 50 m are extrapolations.
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Figure ob. Dry static energy, moist static energy and saturation static energy data from an NCAR Electra
sounding at 37.8°N and 125.0°W and between 1522 and 1526Z. Dashed lines below 50 m are .
extrapolations.
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shows the structure of the mixed layer and the inversion layer quite
well. The subcloud layer is dry adiabatic, the cloud Tayer is moist
adiabatic, and the inversion layer is extremely stable, with a poten-
tial temperature increase of about 11°C in 10 mb.' The sea surface
temperature is very near the surface air temperature. Radiosonde

observations tend to considerably smooth such a structure.

1.2 Coastal Equador, Peru énd Chile

Precipitation data for coastal Equador, Peru and Chile is shown
in Table 3. The table shows that aridity exists between about 5°S and
30°S and 1is particularly intense between 18°S and 24°S. Even Guayaquil
and San Cristobal, which are both very near the equator, experience
very 1ittie precipitation from August to November. The Peruvian-Chilean
desert is the most arid and the latitudinally most extensive of the five
primary Bn deserts. An annual rainfall of under 120 mm is maintained
along a thin coastal strip about 25° latitude in length. Two unique
features of this region are the presence of high mountains close to
the coast and the existence of a coastline which bends continuously
into rather than away from the atmospheric and oceanic circulations.

A typical example ( 1545Z, 31 August 1975) of a northern hemisphere
summer GOES visible imege is shown in figure 6. Note that at this time,
when there is considerable tropical storm activity in the northern
hemisphere, the eastern South Atlantic stratocumulus regime extends
northward across the equator. This is consistent with the very arid
August - September conditions at Guayaquil and San Cristobal. South-

ward, between 30°S and 40°S. the stratocumulus regime breaks up as



TABLE 3.

Mean precipitation (mm) for stations
along coastal Equador, Peru and Chile.

Station

Period of Record Latitude Longitude Elevation

Jan Feb Mar Apr May

Jun Jul Aug Sep Oct Nov Dec

Year

San Cristobal,
Galapagos Is.

Guayaquil, Equador
ET Alto, Peru
Lambayeque, Peru
Lima, Peru

Arica, Chile
Antofagasta, Chile
Coquimbo, Chile
Valparaiso, Chile
Valdivia, Chile
Punta Galera, Chile
Bahia Felix, Chile

1951-60

1951-60
1951-60
1951-60
1951-60
1941-50
1951-60
1951-60
1951-60
1951-60
1951-60
1951-60

0.9°S

2.2°S

4.3°S

6.7°S
12.1°S
18.5°5
23.5°S
29.9°S
33.0°S
39.8°S
40.0°S
53.0°S

89.

79.
81.
79.
77.
70.
AW
1.4°W
L6°W
20
T
AW

6°W
9°U
2°W
9°W
0°W
4°u

6

6
270
18
137
29
122
27
41
13
40
15

39 155 124 106 28

185 259 255 219 57

5 9 12 11 2
2 3 1 4 1
1 7T 1 T 1
T T 0 0 0
o 0 0 0 O
0 0 3 3 34
2 0 3 17 82
106 50 96 178 437
98 48 149 188 449

395 325 482 389 323

4 12 7 5 7 6 14
10 11 1 1T 2 1 23
T 1 1T T T T 1
T T T T 1 2 1
3 3 4 4 2 1 1
TT 1T T T 0 O
o T T O0 0 0 O
20 15 16 6 2 T 2
% 72 50 15 4 T 4
371 452 319 225 98 82 72
311 416 368 268 122 92 68

301 397 392 312 425 417 375

507

1023
41
15
21

105
349
2486
2577
4533

¢1
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Figure 6. Typical (1545Z, 31 August 1975) full disc SMS/GOES
visible image showing northern hemisphere tropical
storm activity and the eastern South Atlantic
stratocumulus regime.
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wintertime cyclones hit the coast of southern Chile. This is consistent
with the wet August - September conditions south of Valparaiso.

It should be pointed out that the precipitation data for northern
Peru has high interannual variability. Nofma]]y in December the south-
east trades and the coastal upwelling weaken and warm water appears
between Guayaquil and E1 Alto. This is associated with increased
rainfall in the first few months of the year. During occasional major
E1 Nino events the warm water appears considerably farther south caus-
ing torrential rains at normally arid stations. For example, during
March of the 1972 E1 Nino event, E1 Alto recorded 587 mm of precipita-

tion.

1.3 Coastal northwestern Africa

Table 4 gives precipitation data for coastal northwestern Africa,
the Canary Islands, and the Cape Verde Islands. The most arid stations
1ie between 28°N and 21°N. This includes the coast of Spanish Sahara,
which is known for active upwelling (La Violette, 1974). A typical
example (0900Z, 12 August 1974) of a GATE SMS visible image is shown
in figure 7. The large stratocumulus area off the coast of north-
western Africa extends southward almost to the GATE array. The strato-
cumulus area off the coast of southwestern Africa is seen to extend
northward almost to the equator. Figure 7 also shows the mean July -
September precipitation for coastal and island stations and for GATE
A/B and B scale ships. It is apparent that the Tow level stratocumulus

clouds are associated with Tow precipitation amounts.



TABLE 4. Mean monthly precipitation (in mm) for
stations along coastal northwestern Africa.

Station Period of Record Latitude Longitude Elevation|Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec|Year
Rabat, Morocco 1921-55 34.0°N 6.8°W 65 m 66 64 66 43 28 8 <2 <2 10 48 84 86| 507
Casablanca, Morocco 1908-55 33.6°N 7.7°UW 164 m 53 48 56 36 23 5 0 <2 8 38 66 71| 406

Porto Santo,

b ANt e 1951-60 33.0°N  16.3°W  45m | 65 52 41 23 11 3 2 7 9 38 63 62| 376
Safi, Morocco 1902-19,1926-55 32.3°N  9.3°W  65m | 51 38 41 23 13 3 0 <2 5 38 53 64| 331
Agadir, Morocco 1934-55 30.4°N  9.6°W  50m | 43 28 25 18 3 <2 <2 <2 5 23 36 43| 230
Sidi 1fni, Morocco 1951-60 29.4°N  10.2°W  66m | 30 22 11 11 1 1 T 1 3 13 21 35| 149
Fuerteventura, 1951-60 28.5°N  13.9°W 228m | 16 19 11 4 1 1 0 1 6 7 26 26| 118

Canary Islands
Santa Cruz de Tenerife,

Canary Islands 1951-60 28.4°N 16.2°W 46 m 48 51 40 12 2 T 0 T 4 49 52 68| 326
Las Palmas, ° o

Canary Islands 1951-60 27.9°N 15.4°W 22 m 28 30 15 7 4 1 O T &5 22 47 46| 205
Tarfaia, Morocco 1941-54 27.9°N 12.9°W 20 m 8 b b <2 <2 <2 <2 <2 8 <2 15 8| s1
Villa Cisneros, o o

Spanish Sahara 1951-60 23.7°N 15.9°W 10m 2 2 2 0 O T O 2 10 3 3 9| 133
Port Etienne, . .

Mauritania 1951-60 20.9°N 17.0°W 8m 2 2 3 1 T T 1 4 9 7 4 3] 36
Nouakchott, . .

Mauritania 1951-60 18.1°N 15.9°UW 5m 2 1 T T T 2 13 64 58 11 5 16! 172
Mindelo, . .

Cape Verde Is. 1951-60 16.9°N 25.0°W 15 m 2 8 T 0 T 0 7 24 41 54 30 10| 176
Sal, Cape Verde Is. 1951-60 16.7°N 23.0°W 55 m 2 2 1 0 0 0 18 20 27 16 10 13§ 109
Praia,

Cape Verde Is. 1951-60 14.9°N 23.5°W 35 m 2 4 0 0 0 0 9 38 8 84 35 12] 270

qI
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Figure 7. Typical (0900Z, 12 August 1974) SMS visible image taken during GATE.
The image shows the stratocumulus area off the coast of northwestern
Africa, the northern extent of the stratocumulus area off the coast
of southwestern Africa, and a region of disturbed conditions between.
Also shown is July-September mean precipitation (mm day~!) for
coastal and island stations and for GATE ships.
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1.4 Coastal southwestern Africa

Precipitation data for the coast of southwestern Africa is shown -
in table 5. Between 15°S and 30°S the mean annual precipitation is less
than about 60 mm. Between 22°S and 27°S the aridity is particularly
intense with mean annual precipitation around 15 mm. Although the mean
annual precipitation increases rapidly north of 15°S, table 5 reveals
that aridity extends far equatorward during June-September. Also shown
in table 5 is data for Ascension Island (7.9°S, 14.4°W). Although it
Ties on the western edge of the stratocumulus regime, Ascension Island's
fairly arid character suggests that it is also under the influence of

the south Atlantic high pressure cell and the cool Benguela current.

1.5 Coastal northeastern Africa

The region of coastal northeastern Africa and the western Arabian
Sea exhibits extreme seasonal differences. In winter northeasterly
flow dominates while in summer both the oceanic and atmospheric circu-
lations are reversed. The summertime oceanic situation is characterized
by intense upwelling (Warren et al., 1966; Leetmaa, 1972), while the
summertime atmospheric situation is characterized by strong divergent
southwesterly flow (see figure &, taken from Ramage, 1966, and figure 9,
taken from Flohn et al., 1968}. According to Trewartha (1961) there is
a high incidence of fog along the Somalia coast in the summer months
while fog is rare in December and January. Precipitation data for this

region is given in Table 6.



TABLE 5. Mean precipitation (mm) for stations
along coastal southwestern Africa.

Station Period of Record Latitude Longitude Elevation|Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec |Year
Pointe Noire, Congo 1935-51 4.8°S 11.9°E 17 m 168 205 222 194 100 1 0 2 14 135 164 145}1350
Banana, Congo 1951-57 6.0°S 12.4°E 2 m 93 113 123109 68 2 0 1 6 38 117 77| 747
Luanda, Angola 1879-91, 1894-1903 8.8°S 13.2°E 51 m 30 37 81129 16 0 0 1 2 6 30 23§35
Lobito, Angola 1911-12,1914-21  12.4°S 13.5°E 1m 13 40 75 31 3 0 0 O 1 9 22 45]239
Benguela, Angola 1944-52 12.6°S 13.4°E 10m 10 53 92 74 9 0 ¢ 1 1 10 18 30| 298
Mocamedes, Angola 1913-18,1920-26  15.2°S 12.2°E 45 m 7 6 14 i1 ¢ o 0 0o O 1 2 2| 43
Swakopmund, Namibia 1898-1913,1945-55 22.7°S 14.5°E 19 m 2 2 2 2 1 0 0 1 0 1 1 2| 14
Walvis Bay, Namibia 1926,1931-38 23.0°S 14.5°E 7 m o 1 66 2 1 0 0 0 0 1 1 O0f 12
Luderitz, Namibia 1902-13,1941-55  26.6°S 15.1°E 23 m 1 3 1 1 3 2 1 2 2 0O 0O 1| 17
Alexander Bay, - 0 0 -

South Africa 1931-59 28.6°S 16.5°E 12 m 1 2 7 4 8 4 7 4 3 2 3 2| 47
Port Nolloth, ° °

South Africa 1880-1950 29.2°S 16.9°E 104 m 2 2 5 5 9 8 9 8 5 3 3 2| 61
Cape Town, o Ko

South Africa 1842-1950 33.9°S 18.5°E 12 m 16 14 19 53 91 102 98 82 58 39 24 19{ 615
Ascension Island 1951-60 7.9°S 14.4°W 17 m 3 3 12 20 14 19 14 12 8 9 4 5}123

81
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Figure 8.

——

August mean sea level pressure and mean
resultant winds. - Speeds less than 10 kt

stippled, greater than 25 kt hatched.
After Ramage (1966).
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TABLE 6. Mean precipitation (mm) for stations
along coastal northeastern Africa.

Station Period of Record Latitude Longitude Elevation{Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec|Year
Socotra, Socotra 3 years 12.4°N 53.7°E ? 3 3 10 0 3 30 0 0 3 10 51 81} 194
Bosaso, Somali

Republic 1951-60 11.3°N 49.2°E 2 m o 0 0 T O O O 0 0 6 5 0 11
Obbia, Somali

Republic 1932-39 5.3°N 48.5°E 15m 13 0 8 20 33 0O T T 3 38 25 25} 165
Mogadisho, Somali

Republic 1951-60 2.0°N 45.4°E Wm 1 0 11 103 63 72 60 26 10 18 46 12| 422
Kismayu, Somali

Republic 1951-60 0.4°S 42 .4°E 10 m 0 T 23102 63 59 12 8 8 9 4j 288
Lamu, Kenya 40 years 2.3°S 40.9°E ? 5 2 20 124 361 170 69 41 30 41 33 28| 924

12
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1.6 Other stratocumulus regions

Although we have discussed only the five primary Bn deserts and
their associated cloud systems, we do not mean to imply that strato-
cumulus clouds are limited to these areas. For example, stratocumulus
often occur near the coast of Australia (Paltridge, 1974; Platt, 1976),
during wintertime cold air outbreaks over the Kuroshio current (e.g.
Ninomiya, 1975; Nitta, 1976; Lenschow and Agee, 1976), the Gulf Stream,
and the Great Lakes (Lenschow, 1973). A typical example of a cold air
outbreak over the Kuroshio current during AMTEX '75 1is shown in figure
10a. The DMSP visible image taken at 0255Z, 16 February 1975 (Lenschow
and Agee, 1976) shows the extensiye stratocumulus deck associated with
the outbreak, which lasted about three days (15-17 February) when a low
pressure system developed east of Japan. Surface winds and inversion
base (Ninomiya, 1976) for 00Z 16 February are shown in figure 10b. Note
the rapid deepening of the boundary layar as the air flows over the sea

surface temperature pattern shown in figure 10c.

1.7 Outline

A theoretical framework for the study of marine stratocumulus con-
vection was first presented by Lilly (1968). Some aspects of Lilly's
model have been studied by Schubert (1976), Deardorff (1976), Arakawa
(1975), and Randall (1976). Schubert (1976) studied horizontally homo-
geneous steady state and time dependent solutions to the model, Deardorff
(1976) discussed the entrainment relation, and Arakawa (1975) and Randall
(1976) included the model in a generalized planetary boundary layer
parameterization for the UCLA GCM, In the remainder of this paper we

shall attempt to further extend Lilly's cloud-topped mixed layer model.



Figure 10a.
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DMSP visible image taken at 0255Z,
16 February 1975 showing extensive
stratocumulus deck associated with
a cold air outbreak. Also shown is
the AMTEX hexagonal network. After
Lenschow and Agee (1976).
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30N

25 N

120 E 125E 130 E

Figure 10b. Horizontal distribution of the pressure (mb) at the
inversion base at 00Z, 16 February 1975. After
Ninomiya (1976). Also shown are the 00Z-06Z surface

winds.
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30N

25 N

Figure 10c. Position of the Kuroshio Current and the mean sea surface
temperatures for February 1968 (from Lenschow, 1972).
For present purposes this mean map can be regarded as

identical to the AMTEX '75 map presented by the Japanese
Oceanographic Group (1975).
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In section 2 we extend Lilly's model to include horizontal advection in
a natural coordinate system and also to include a simple but coupled
radiative model. In section 3 we study the influence of large-scale
divergence and sea surface temperature on the horizontally homogeneous
steady state solutions. Sections 4 and 5 present both numerical and
analytical results for horizontally inhomogeneous conditions. Finally,
in section 6 we discuss the design of observational programs to expand

our knowledge of marine stratocumulus convection.
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2. Governing equations for a cloud-topped mixed Tayer

In a non-saturated mixed layer the dry static energy s = cpT + gz
and the water vapor mixing ratio g are constant with height up to the
top of the mixed Tayer Zp, and the 1ifting condensation Tevel Ze lies
above Zg- In a cloud-topped mixed layer the moist static energy
h = cpT + gz + Lg and the total water mixing ratio g+£ are constant
with height up to the top of the mixed layer Zg 5 and the 1ifting conden-
sation level Z. lies below Zg. If h and g+£ are constant with height
in the mixed layer, it follows that the same is true for s-LZL. The
temperature and moisture fields in the mixed layer are known if any two
of the three quantities h, g+f and s-L£ are known. Although we sﬁa]]
occasionally use s-L£, most of our discussion will be in terms of h and
g+L.

The dependent variables of the cloud-topped mixed tayer model we
shall now present are listed in the first column of Table 7. In addi-
tion the required constants and externally specified parameters are
Tisted in the second and third columns. The dependent variables are

functions of the horizontal coordinates and time. We shall use a

natural coordinate system in which x denotes distance in the downstream
3
ax °
where V is the speed of the horizontal wind. Riehl et al. {1951) and

direction. The individual time derivative is then given by é%'+ y

Kraus (1968) have shown that the wind speed and direction over the
Eastern North Pacific in summer are nearly constant with height in the
lower layers. Thus, we shall assume that there is no turning of the
wind with height and no change of wind speed with height. The horizon-

tal projections of all trajectories are then coincident with the surface



TABLE 7.

28

Dependent variables, constants and

externally specified parameters of
the cloud-topped mixed layer model.

Dependent Variables

Constants

Externally Specified Parameters

cloud top height
cloud base height Zc

mixed layer moist
static energy hM

mixed layer total
water mixing ratio (q+£)M

surface moist

static energy flux (wW'h7)q
cloud top moist

static energy flux (w'h')g
surface water

vapor flux (W'qT)g
cloud top total

water flux wi{q+L g
cloud top moist

static energy jump Ah
cloud top total

water jump A(q+e)
cloud top

temperature T(zg-)
cloud top jump in

net radiative flux AF

see {2.11)

specific heat at
constant pressure

bulk transfer
coefficient

gravity
scale height

entrainment
parameter

Tatent heat of
condensation

see (2.19}
(2.19)
(2.16)

(2.19)

see
see
see
density

Stefan-Boltzman
constant

s o

large-scale divergence D
wind speed v
saturation moist static
energy at sea surface
temperature and pressure hg

saturation mixing ratio
at sea surface tempera-

ture and pressure qg
moist static energy

just above cloud top h(zB+)
water vapor mixing ratio

just above cloud top q(zB+)
downward Tong-wave flux

just above cloud top Ft(zB+)
cloud top jump in

short-wave flux AFS
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trajectories. We need not distinguish between winds at cloud top, in

the mixed layer, or at the surface.

2.1 Governing equations for the convective model
With the above assumptions the mixed layer budgets of moist static

energy and total water are

ah sh (Wh e - (w'h")
M M _ S B
ot v 2] - ZB 9 (2.1)
3(qr)y a(are)y  (wigh)e - w'{g"+L),
T v X ) (2.2)

These equations state that iocal changes of hM and (q+£)M are caused by
horizontal advection by the known wind V and by the vertical conver-
gence of the turbulent fluxes. Because the layer is mixed the turbulent
fluxes are linear with height in the layer and jump to zero above Zp.

The surface turbulent fluxes of h and g are given by

(WhT)g = CoVIhE - hy 1, (2.3)
(W'q')g = C{ViaZ - (a+e)yl . (2.4)

These equations relate the surface fiuxes to the transfer coefficient

CT, the surface wind speed YV, and the sea-air differences, where h§ and

qg are the saturation vaiues of h and g at the sea surface temperature
and pressure.
Application of the budget equations for h and g+f to the infinites-

imally thin layer at the cloud top yields
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/azB 32 L B

\757'+ Voo - vg) sho+ (WTRT)p = 0T ARy (2.5)
QZB SZB
Tl ' = " "B AlgHe) + w' q'+£')B =0, (2.6)

where Wp is the large-scale vertical velocity at Zp» Ah and A(q+£) are

jumps across Zps and AFR is the jump in the radiative flux across Zp-

These equations are the cloud top jump conditions on moist static energy

and total water. When multiplied by the density, p, both (2.5) and

5z 3z, )

tVY — - w.}. which i ma
5% ™ g fs f is the net mass

flowing into the mixed layer per unit horizontal area per unit time.

(2.6) contain the quantity p<

Such a mass flux into the mixed layer can be due to a local increase in
the depth of the mixed layer with time, a horizontal flow across the top
of the mixed layer when it deepens in the downstream direction, a Targe-
scale subsidence, or more generally, a ccmbination of these three effects.
Non-turbulent air flowing into the mixed laver from above instantaneously
changes its moist static energy by an amount ah and its total water con-

tent by an amount A(q+Z), where

Ah = h(ZB+) - hM . (2.7)
s(qte) = q(zp+) - {a+)y > (2.8)

h(zB+) and q(zB+) being known functions of zg. According to (2.5), the
instantaneous change in moist static energy is due to discontinuities in
both the turbulent moist static energy flux and the radiative flux,
while according to (2.6), the instantaneous change in total water con-

tent is due to a discontinuity in the turbulent total water flux.
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Equations (2.5) and (2.6) can be regarded as predictive equations

for Zp- In order that they predict zZg in a consistent manner,

LA(9+«@) (w—lﬁ—r)B _ LWT‘W)B - ':_.Ai.gi'g p-lAF (2.9)

Ah Ah R °
The cloud base height Ze is approximately given in terms of the
mixed Tayer total water content (q+£)M and the saturation mixing ratio

of the air just above the surface qg as

- (g4 - X -
7o 9 - (arl)y  (M)ieg - (q+blyl- T Ihg - hy) (2.10)
H b b i ’
where b is given by
b =«key +p 3q* . (2.11)
3p /1

e and y are defined in (2.19), and the scale height H and reference
pressure p are assumed constant.

Lilly (1968) has argued that the turbulent energy balance sets
maximum and minimum bounds on the entrainment. The entrainment

relation,

z

B
J/f w'sv' dz + 1/2(1--k)(w'sv')min =0, (2.12)
0

k.
Zg

is a weighted average of Lilly's maximum entrainment relation,

z
B
d/[ w's ' dz =0 but WTE;T'# 0 somewhere, (2.13)
0

and his minimum entrainment relation,
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z

B
(w'sv')m.n =0 but //‘ W's, dz >0, (2.14)
Y0
where w'sv' is the turbulent flux of virtual dry static energy and
(w'sv')m.n is the minimum value of this flux. The weighting factor k

Ties between zero and unity. The factor % in the second term of
(2.12) is somewhat arbitrary and has been included so that (2.12) re-

duces to the conventional

(w’sv')B = --k(w'sv')c (2.15)

~

in the nonsaturated case. Omission of the factor % simply results in
a revised interpretation of the parameter k.

If the effects of both water vapor and Tiquid water on buoyancy
are included in the definition of the virtual dry static energy, then
the virtual dry static energy “y is related to the dry static energy

s, the water vapor mixing racio g, and the liquid water mixing ratio £ by

sy =S+ cpT(Sq-ﬂ) , (2.16)

where § = 0.608 and T is a constant reference temperature. Since w'Z'

vanishes in the subcloud layer while in the cloud layer w'q' and w'h'

are related by

Lw'q" = T{;—WTFT for z,<z<zp, (2.17)

the turbulent virtual dry static energy flux can be expressed as

B wh' - elw'(qg'+2") 2. <z <2z

's ' = (2.18)
wh' - (l-es)lw'(g'+£7) 0 <z < zo s



33

where
L) C T
g = 1+ 18(5+1) , y = _L. fig.*_ . e = P . (2.19)
1+y Cp oT D L

Since h and (g+£) are constant with height in the mixed layer, their

turbulent fluxes must be Tinear functions of height so that

wh' o= (1 - E%)(W)S + -ZZE WhM)g > (2.20)
W{q L") = (1 - ;Zg)(W)S + ;ZB—w'(q‘w)B : (2.21)

Substitution of {2.18}, {(2.20) and (2.21) into (2.12) results in an

expression which relates zz, zp, (W'h')g, (Ww'h')p, (w'q’)g, and

r SR - LW (g,

Zp

LY ZB-ZC wint ZC i i T
(g -1-eo) | E g 22 W)

W) - (1-e8)L(Ng)g

(2.22)
Since w'sv‘ is Tinear with height in the subcloud and cloud layers but

discontinucus at cloud base, it would appear that the minimum in w‘sv‘

d
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could occur at the top of the cloud Tayer Zp> the bottom of the cloud
layer Zots the top of the subcloud Tayer Zp-, OF the bottom of the
subcloud layer z = 0. However, the possibility of the minimum occurring

at z;+ can be excluded by using (2.17), (2.18) and (2.19) to show that

(ws,h) - (ws,n) =11~ s(6+1)][Lw'iq'+£')Z - T%§'(W'hl)z 1
Zo+ Ze- C C
= [1 - e(6+1)]L(w'£')ZC+ . (2.23)

Since [1 - e(s+1)] > 0 and (w'ﬂ')z e 0, the virtual dry static energy
C
flux is larger at Zo+ than at Zo- s and only the remaining three pos-

sibilities are shown in the large bracket of (2.22).

2.2 Governing equations for the radiative model

Boundary layer convection is often driven by the upward virtual
temperature flux from a warm underlying surface. This is usually the
case for summertime convection over dry land (e.g. Deardorff, 1974 a,b),
for subcloud layer convection beneath trade cumulus clouds over much of
the tropics (e.g. Pennel and LeMone, 1974; LeMone and Pennel, 1976), and
for wintertime cold air outbreaks over warm water surfaces (e.g.
Lenschow, 1973; and Lenschow and Agee, 1976). However, in the strato-
cumulus regimes which border the cool coastal Bn climates, the virtual
temperature flux at the surface is usually only weakly positive or is
even negative, and yet the boundary Tayer is quite turbulent. Thus,
cloud-topped mixed layers are often driven or at least partially driven

not by heating from below but by cooling from above.
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In this subsection we are concerned with the determination of the
important AFp term in (2.5}. Since we have neglected any radiative
heating or cooling which might occur in (2.1), the AFp term in (2.5) is
the only place radiation enters the convective model. The jump in the
net radiative flux at cloud top consists of the sum of the jump in the

Tong-wave flux and the jump in the short-wave flux, i.e.

AFp = AF + AFg . (2.24)

In this paper we consider AFS as externally specified. Thus, let us
consider the cloud top jump in the Tong-wave flux.

Idealized curves of the upward and downward Tong-wave radiative
fluxes in and near a stratocumulus cloud are shown in figure 11. The
downward long-wave flux Ft changes sharply at cloud top while the
upward flux FE changes considerabiy less sharply at cloud base. The

net upward Tong wave flux, defined by

(2.25)

is also shown in figure 11. The time rate of temperature change due to
1
pC_ 3z
which is shown on the right of figure 11. Since we are considering

“ong-wave radiation is given by - » the vertical profile of

only the cloud top Tong-wave cooling, we need only know the jump in the

net long-wave flux at cloud top, i.e.

AF) = FL(ZB+) - FL(zB-) . (2.26)
Since FL(ZB_) vanishes, we can rewrite (2.26) as

| , + v
AF) = Fy{zps) = F (zp+) - F (zp+) . (2.27)
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If FE(ZB+) is assumed to be the blackbody flux at the cloud top tem-

perature, then

OF, = 0T (z5-) - F (zg4) - (2.28)

The cloud top temperature T(zB_) can be related to the model
variables hM, (q+£)M, Zg and Zp as follows. The dry static energy at
cloud top is equal to the dry static energy at cloud base plus the
change which occurs when following & moist adiabat from cloud base to

cloud top, i.e.

s(zBﬂ) = S(ZC) + <%§>r*(23 - ZC) . (2.29)
¥

Since it can be shown that
3s __L b
(_-) LB, (2.30)

and since s(zC) is equal to hM—L(q+£)M, we can rewrite (2.29) as

_ 1, L b
Tlzg-) = & |hyrtlartly + $ f (25 - 2) - ng] . (2.31)

Equation (2.31) gives the 2ioud top temperature in terms of hM, (q+Z)M,
Zg and Ze-
Combining (2.24) and {2.28) we obtain
4 ¥
(zB-) - FL(zB+) + oFg . (2.32)
Thus, if Ft(zB+) and AFS are known, AFR can be computed from model

variables by using (2.31) and (2.32).
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2.3 Summary of the combined convective-radiative model

The combined convective-radiative model consists of the surface
flux relations (2.3) and (2.4), the cloud base relatijon (2.10), the
definitions (2.7) and (2.8), the cloud top temperature and radiation
relations (2.31) and (2.32), the entrainment relation {(2.22), the con-
sistency relation (2.9), the mixed Tayer budgets (2.1) and (2.2) and
the cloud top jump condition (2.5). These form a closed set of twelve
equations in the twelve unknowns Tisted in the first column of Table 7.
The constants and externally specified parameters required to integrate
the model are listed in the second and third columns of Table 7. The
governing equations of the combined convective-radiative model can now

be arranged for numerical integration as follows:

(WhN)g = C-VIh - hyl , (2.33)
(wW'qT)g = CyVigs - (qrllyl » (2.34)
zo  (I+y)laE - (at0)y] - { (hE - byl
o0 = . (2.35)
H b
Ah = h(zB+) - hM y (2.36)
a(a+l) = q(zpe) - (q+l)y » (2.37)

Tlzg-) = o [y = L@y + 1poyy (25%) - 9751 » (2.38)

>
n
e
It

oT4(zB~) - F)(z4) + AFg (2.39)
a;; 0 (w'h')B by (2.40)
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. (2.42)

> (2.43)

-1 -
dz p "AF, - (w'h')

B _ R B
a% —DZB + i . (2.44)

Equations (2.40) and (2.41) are simply a shorthand notation for
(2.22) and (2.9). Given initial conditions on hM, (q+£)M and Zps the
system (2.33) - (2.44) can be numerically integrated. A single compu-
tation cycle is as follows:
1. Compute the surface fluxes (EFETUS and (WTET)S from
(2.33) and (2.34).
2. Compute cioud base z, from (2.35).
3. Compute the cloud top jumps in moist static energy
and total water from {2.36) and (2.37).
4. Compute the cloud top temperature from (2.38) and
ther the jump in net radiative flux from (2.39).
5. Compute the clcud top fluxes {RFET)B and WTTETFET)B
from the twe hy two system (2.40) and (2.41).
6. Predict new values of hy» (q+£)M and zp from (2.42),
(2.43) and (2.44).

The above procedure is straightforward except for step 5. The

two by two system (2.40) - (2.41) relates Zps Zps (w'h')S, (w'h')B,

W'q)s, wi(q"+£")p, sh, a(g+e) and AFp. When beginning step 5 we
regard zp, 2z, (w’h‘)s, (w’q')s, Ah, A(g+e) and AFp as known. Then
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(2.40) - (2.41) can be regarded as two equations in the two unknowns
(WTET)B and iFT?FqiﬁﬁB. However, because of the form of (2.22), the
coefficient matrix and the right hand side column vector in (2.40) -
(2.41) are unknown until the location of the minimum w's ™ is known,
i.e. until (WTﬁr)B and ﬁTYETFZT)B are known. Thus (2.40) - (2.41) have
a somewhat implicit form. Our procedure is to first assume that the
minimum WTEJT occurs at z, solve (2.40) - (2.41) for (WTFT7B and
WT(ETizT)B, then using (2.13) check to see if the minimum WTE;T
actually occurs at Zp- This procedure is repeated for assumptions

that the minimum EFE;T'occurs at z.- and at the surface. If one and
only one of these three possibilities does not lead to a contradiction,
we have found the unique solution. It is possible that no solution
exists or that more than one sclution exists. We have not encountered
any problems with existence or uniqueness and have found minimum WTEJT
fluxes at either the top of the subcloud Tlayer or at the surface.

In section 4 we shall use the above procedure to numerically
integrate the system (2.33) - {2.44) under varying sea surface tempera-
ture and large-scale divergence. But before studying the horizontally
inhomogeneous solutions let us gain deeper insight into model behavior

by considering horizontally homogeneous steady state solutions.
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3. Horizontally homogeneous steady state solutions

Under steady state horizontally homogeneous conditions the

turbulent fluxes of h and g+€ are constan® with height and equal to

their surface values. Thus, we can omit the subscript notation from

w'h' and w'(g'+£"). The subscript notation must be retained on w'sv‘
since this flux is discontinuous at cloud base. In this section it
will prove useful to Tinearize the first term on the right hand side
of (2.39), so that

AF =oT4{1+—"‘—{T(z+)-T]l-F*(z ) + AF (3.1)

R 0 T, B o'y L\t S ° ¥

where T0 is a constant reference temperatu-2. Typically, the lineari-
zation of the blackbody flux results in an underestimate of the upward
flux F

L
the reference temperature.

(zB+) of less than 1% for cloud top temperatures within 10°C of

Equations (2.3), (2.4), (2.5}, (2.7) and (2.31) can now be

combined to give
3 —1
CTV AcT o

+ + — 3 0.V
DZB (1+y;pcp|3.'_8 ¥ I

wht = {1+

) 1!‘ 4 N b y9g o

hg - hizge) * Spz-1To 40T, {Ts Tor (T Tem l)cp ZB} FL(ZB+)+AFS]}°
(3.2)

where TS is the sea surface temperature. Equations (2.4), (2.6) and

(2.8) can be combined to give

84
L%

Y
LW (q L'} = o
\ D7

)-1%“;% ; q(zB+)$ . (3.3)
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With the help of (2.3) and (2.4), the cloud base relation (2.8) can be

written
2 -1 — —
T = (LbCTV) [(1+y)lw' {q"™+2") - vww'h'] . (3.4)

From (2.16) the turbulent fluxes of virtual dry static energy just
below cloud top and at the surface are related to w'h" and Lw'(q"+£") by

(w's ") =gwh" - elw' {(g"+L") , (3.5)
B

(w'sv') = Wwh' - (l-es)w'(q'+0") . (3.6)
S

The entrainment relation (2.7) takes the form

z
%ﬁé'(W'sv')s + (W'SV‘}B + Eﬁ'[(wisvl)s-(w'sv')8]= 0. (3.7)

Equations (3.2) - {3.7) can be regarded as a closed system in the

unknowns Zps Zps w'h', Lwi(q'+2'}, {w‘sv') and (w'sv') . In order to
B

S
reduce this system to a single equation in Zp, We could use (3.4) to

C

eliminate Zes {3.5) and (3.6) to eliminate (w‘sv') and (w'sv') , and
B S

then (3.2) and (3.3) to eliminate w'h' and Lw'(q"+£"). The resulting

equation for z, is implicit, and, due to its complicated form, is not

B
presented here. We have chosen to compute solutions to the system
(3.2) - {3.7) in the following manner:
1. Make an initial guess for zg.
2. From the current guess of Zg> compute w'h' and
Lw'(q'+2') from (3.2) and (3.3).
3. Compute zp» (QFECT) and (WTECT)S from (3.4),

B
(3.5) and (3.6).
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4. 1If (3.7) is satisfied to within some tolerable
error, a solution has been obtained. If not,
use the secant method on (3.7) to make an improved

estimate of Zg and return to step 2.

We have used this method to compute horizontally homogeneous
steady state solutions for sea surface temperatures between 13°C and
18°C and large-scale divergences between 1 x 107% and 6 x 1078 s7L,

For those constants which require a reference temperature and/or
pressure we have used a reference temperature 4.5°C colder than the
sea surface temperature and a reference pressure 4.5 kPa lower than
the surface pressure, which is assumed to be 102 kPa. Typical values
of the constants are listed in the left column of Table 8. Values of
the externally specified parameters are listed in the right column of
the table. The functions h(zB+) and q(zB+) were determined from the
mean July 1967-70 Oakland sounding (U. S. Dept. of Commerce, 1967-70)
and are plotted in Figures 12a and 12b. The s(zB+) and T(ZB+) profiles
jmplied by the h(zB+) and q(zB+) profiles are shown in Figures 12c and
12d. The function Ft(zB+) was determined by using the same mean July
Oakland sounding as input to the long-wave transfer model of Cox
(1973). Ft(ZB+) is shown in Figure 13. For aFg we have used the
daily averaged value suggested by Lilly (1968).

The results for the horizontally homogeneous steady state case
with k = 0.2 are shown in Figures 14-18. These figures show isolines
of the various model outputs as functions of the large-scale diver-

gence and sea surface temperature. Figure 1l4a shows that the boundary

layer deepens as the large-scale divergence decreases and the sea
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TABLE 8. Constants and externally specified
parameters. For those constants which
depend on a reference temperature and/or
pressure, only typical values are given.

Constants Externally Specified Parameters
c, = 1004.5 T 1x10% <D <6 x 108!
C; = 0.0015 V=7mst
g = 9.80 ms~2 310.29 < ht < 324.13 Jkg™!
Kk =0.2 9.27 < qf < 12.8 gkg~!
§ = 0.608 h(zgs) = 314.4 + 0.00187 z, (kdkg™ 1)
o = 5.67 x 107 wm2k™? q(zg+) = 4.38 - 0.000614 z; (gkg™)
' _ -2
Fi(zge) = 339.4 - 0.0398 z;  (Wn™?)
. -2
Constants which depend AFg = 22.3 Hm

on reference temperature
and/or pressure

b = 0.0359
H = 8307 m
L = 2.47 x 10° Jkg™!
8 = 0.533
y=1.34
e = 0.115
. -3
p = 1.22 kgm




400

3500 | -

300

Figure 12a.

0 | I | ] | | | ]

Or -

h(Z H=2893 + 000428 2, h(ZgH=3144+ 000i87 Z,
(AMTEX) (OAKLAND)

I ] 1 | | i | i

280 285 290 295 300 305 310 315 320 325
h(Zg+) | (kd kg™) |

Moist static energy h(z,+) above the mixed layer for the eastern North Pacific as
determined from the mean July 1967-70 Oakland sounding and for the East China Sea
(AMTEX) as determined from the average of the 00Z and 067 16 February 1975 soundings
at Ryofu, Naha, and Nojima. The AMTEX case is discussed in section 4.4.

1}

137



i \ooo

3500
3000
2500

B
2000

(m)

1500

1000

500

Figure 12b.

1 | | | | | ] |
| _
q(za+)= 0.70—0.000075 ZB q(ZB+) =438-0.000614 ZB
1 (AMTEX) (OAKLAND)
| 1 | | | { | !
05 1.0 1.5 20 2.5 30 3.5 4.0 45
q(Zgh) (gkg™)

Water vapor mixing ratio q(z§+) above the mixed layer for the eastern North Pacific
uly

as determined from the mean

1967-70 Oakland sounding and for the East China Sea

(AMTEX) as determined from the average of the 00Z and 06Z 16 February 1975 soundings

at Ryofu, Naha, and Nojima.

The AMTEX case is discussed in section 4.4,

oY



4000 T T T T T I

3500 F .

1

3000 -

I
i

2500 }S(ZB+)=287.6+O.OO447 Zy S(ZB+)=3O3.6+O.OO339 ZB
7 (AMTEX) (OAKLAND)

B 2000}
(m)

500 -

1000

500

1 1 1 1 ]

280 285 290 295 360 365 310 315 320
S(Zgh (kJ kg™)

Figure 12c. Dry static energy s(z,+) above the mixed layer for the eastern North Pacific
‘ as determined from thg mean July 1967-70 Oakland soundings and for the East
China Sea (AMTEX) as determined from the average of the 00Z and 06Z
16 February 1975 soundings at Ryofu, Naha, and Nojima. The AMTEX case is
discussed in section 4.4. '

Iy



4000

3500
3000
2500

B 2000

(m)

1500

1000

500

| | | | | J |
- =
T(24+)=286.3-000531 Z, T(Zg0=3022-000638 Z,
(AMTEX) (OAKLAND)
1 | i ] ] ] l I\

260 265 270 275 280 285 290 295 300 305

Figure 12d.

T(Zg) (K)

Temperature T(ZB+) above the mixed layer for the eastern North Pacific as determined
from the mean July 1967-70 Oakland sounding and for the East China Sea (AMTEX) as
determined from the average of the 00Z and 06Z 16 February 1975 soundings at Ryofu,
Naha, and Nojima. The AMTEX case is discussed in section 4.4.

8Y



4000 i | I M [] ] | 1
3500 _
3000 | -
2500 [ -
Z - - -
B o000l  FY(EgH=2252-002275 Z, FY(Z5=3394-00398 Z, |
(m) (AMTEX) (OAKL.AND)
1500 |- -
1000 - -
500 -
150 175 200 225 250 275 300 325 350
‘ - -2
F (Z5h) (Wm2)
Figure 13. The downward long-wave flux at cloud top as determined by the long-wave transfer model

of Cox (1973) using the same temperature and moisture data used in figure 12. Because
the wintertime AMTEX situation is so much colder and drier, the corresponding downward
lTong-wave flux is much smaller.

ov



——

I

'3 i T T
' \oo -
14 \ _
15| 400 i
Ts (°C) 600 .
16 | 80 ]

| - 1000
- 1200 °

|

\ 0

|
17 \ .eo?o'goo \
RN \2\ . ‘.‘

3
DIVERGENCE (10°S")

o

Figure 14a. Isolines of the cloud top height z, for various large-scale divergences and sea surface
9 specified parameters and constants are given in Table 8.

temperatures. All other externall

09



51

surface temperature increases. Roughly speaking (see Schubert, 1976,
section 3), the boundary layer depth is inversely proportional tc the
large-scale divergence so that halving the divergence approximately
doubles the depth of the boundary layer. Thus, when the large-scale
divergence is changed the mixed layer depth changes until an approxi-
mately equai cloud top subsidence rate is found (i.e. DzB is approxi-
mately invariant). Figure 14b shows the cloud base height, which
increases as the large-scale divergence decreases and the sea surface
temperature increases. The variation of cloud base height is much less
than cloud top height so that the appearance of the cloud depth field
(Figure 14c) is remarkably similar to that of the cloud top field
(Figure 14a).

The upward Tong-wave flux off cloud top, the downward long-wave
flux just above cloud top and the discontinuity in net radiative flux
are shown in Figure 15. The upward long-wave flux off cioud top depends
on T(zB_), which in turn depends on hy, (q+£)M, Z¢ and zg as given by
{2.31). Most of the variation of FE(ZB+) is simply related to the fact
that T(zB_) decreases as cloud top increases. Ft(zB+) is simply a
linear function of Zp as given in Table 8. Thus the isolines of Ft(zB+)
are parallel to the isolines of zp given in Figure l4a. The disconti-
nuity in the net radiative flux (Figure 15¢) is simply F;(ZB+) -
FE(ZB+) - 4Fg. Since Ft(zB+) decreases with zp faster than Ff(23+)
does, the discontinuity in the net radiative flux increases as Zg
increases.

Figure 16 shows the dependence of the mixed layer moist static

energy and total water mixing ratio on the divergence and sea surface
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temperature. Except for very small divergences both hM and (q+£)M are
fairly independent of the divergence.

The cloud top jumps of moist static energy and temperature are
shown in Figure 17. The temperature inversion at cloud top tends to be
quite large (between 8 and 16°C). However, even with such strong tem-
perature inversions the extremely dry air above cloud top can lead to a
negative jump in the moist static energy across cloud top. As discussed
by Lilly (1968), a cloud-topped mixed layer with Ah < 0 is possibly
unstable. A crude argument is as follows. If a parcel of air just
above zg with moist static energy h(zB+) is displaced downward across
Zp and mixed with a parcel of cloud layer air with moist static energy
hM, the resulting parcel has intermediate moist static energy,

h(28+) <h < hy. If the resulting parcel is saturated, the

parcel

(lifference between h and hM (which is equal to h* in the cloud

parcel
"ayer) 1is proportional to the temperature difference between parcel and

environment, i.e. the parcel buoyancy.1 Since h hM’ negative

parcel <
buoyancy and instability results. Since this instability mechanism is
not recognized by Lilly's model, results with Ah < 0 must be inter-
preted with caution. Figure 17a indicates that, with the external
parameters specified in Table &, stable horizontally homogeneous steady
state stratocumulus clouds are limited to conditions with sea surface
temperatures colder than about 16-17°C.

The turbulent fluxes of moist static energy, total water, Tliquid

water static energy and virtual dry static energy are shown in Figure 18.

The fluxes of moist static energy (Figure 18a) and total water

1This argument neglects virtual temperature effects.
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(Figure 18b) are fairly independent of divergence except for small
values of divergence. The total water flux everywhere exceeds the
moist static energy flux, which leads to a negative flux of 1iquid
water static energy (Figure 18c), i.e. a negative heat flux at the
surface. There is considerable increase in both pw'h' and pLw'(q'+Z")
as sea surface temperature increases. The cloud layer and subcloud
layer fluxes of virtual dry static energy (Figures 18d and 18e) are
simply computed from (3.5) and (3.6). The subcloud layer flux is
always negative and there is a considerable jump to positive values of
virtual dry static energy flux in the cloud Tayer.

The virtual dry static energy flux is not the only flux which is
discontinuous across cloud base. The heat flux w's', the water vapor
flux w'q" and the liquid water flux w'Z' are all discontinuous across
cloud base as can easily be seen through the use of (2.17). Although

the three basic fluxes w's', w'g’, and w'Z' are all discontinuous

across Z, they are discontinuocus in such a way that w'h', Lw'(q'+2'),
and hence w'(s'-L£"), are continuous across Z;> as shown schematically
in Figure 19. The turbulent flux discontinuities across zgp are readily
understandable since the turbulent fluxes in the air above Zp must
vanish. However, understanding the turbulent flux discontinuities
across z. is more difficult since these discontinuities are not accom-
panied by discontinuities in s, g or £. For exampie, since Lw'q" jumps
to a lower value and Lw'Z' jumps from zero to a positive value across
Zes there is a finite amount of condensation in the infinitesimally
thin layer centered at cloud base. The net condensation at cloud base

is balanced by the net evaporation at cioud top. This may at first
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sight seem strange, but it can be understood in terms of a convective
element model. Although a convective element model is not explicit in
the theory, let us proceed to interpret the jumps in w's', Lw'q', and
Lw'Z" at Ze in terms of such a model.

Consider a parcel of air which is circulating in the mixed layer.
Figures 20 and 21 illustrate schematically the parcel paths of the
energy and moisture parameters and their associated fluxes. The con-
servative quantities h and (q+£) (and their difference s-LZ) are shown
in Figure 20. The nonconservative quantities s, q and £, which are
somewhat more complicated, are shown in Figure 21. As the parcel
ascends along a dry adiabat from the ocean surface it conserves s, q
and £ (which is zero) until it reaches Zp-» @ point just below Z- At
this point, the parcel 1is saturated and its further ascent is along a
wet adiabat. Along the wet adiabat s and £ increase and q decreases,
all in such a way that h, (gq*£) and (s-LZ&) are conserved. When the
saturated and water bearing parcel crosses Zps it mixes with some of
the warm and dry air above Zp. The warmth of the entrained air tends
to warm the parcel but its dryness tends to cool the parcel by evapo-
rating enough liquid water to maintain saturation. In addition to this
evaporative cooling, the parcel is also cooled radiatively since the
air below is cloudy and the air above is clear. The sum of the evapo-
rative and radiative cooling overwhelms the entrainment warming and the
parcel begins descent along a wet adiabat at a lower temperature, a
lower water vapor mixing ratio, and a lower liquid water mixing ratio.
Since the Tiquid water mixing ratio is Tower, the wet adiabatic

descent cannot continue to Ze- but terminates at Zots @ point just
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s PARCEL PATH

Lq PARCEL PATH

L¢ PARCEL PATH

Figure 21. Typuca] parcel paths of the nonconservative quant1t1es
3 and L£ and the resu1t1ng fluxes w's', Lw'q" and
Note that in the major port1on of the cloud
there is no net condensation and Lw'Z" is constant with
height. The net condensation at cloud base is balanced
by the net evaporation at cloud top.
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above Zc- Descent below Zo+ is along a dry adiabat with s, g and £
(which is again zero) being conserved. Upon arriving at the surface
the descending parcel gives up heat to the ocean and receives water
vapor from the ocean, and then begins another circuit.

If the mixed Tayer is horizontally homogenecus and is in a locally
steady state, every parcel circuit is identical. This is the situation
illustrated in Figures 19-21. If the mixed layer is not horizontally homo-
geneous or is not in a locally steady state, parcel circuits are not
identical and the mixed layer may be changing its hM’ (q+£)M, Zps etc.
We shall discuss the horizontally inhomogeneous situation further in
section 4.

A prediction of the horizontally homogeneous steady state theory

is that WTEJT is negative below cloud base, i.e. upward moving parcels
in the subcloud Tayer are virtually coider than downward moving parcels
at the same level. If upward moving subcloud layer parcels are nega-
tively buoyant, how are they accelerated upward from the sea surface?
The answer to this question must lie in the pressure field associated
with the convective cells. Under the anelastic approximation this
nonhydrostatic pressure field can be computed from a diagnostic equa-
tion if the temperature and motion fields are known (e.g. equation (32)
of Ogura and Phillips, 1962, or equation (2.4) of Arnason et al., 1968).
This pressure field, along with the associated temperature, motion,
cloud base and cloud top fields, are shown schematically in Figure 22.
Air near the surface is accelerated toward the updraft and upward
against negative buoyancy by low pressure in the updraft near cloud

base. If one computes the correlation of this pressure pattern with



Figure 22.

Schematic depiction of the motion field of a convective
element along with its associated cloud base, cloud top,
temperature (top), and nonhydrostatic pressure (bottom?
fields. Note that the updraft has positive buoyancy in

the cloud layer and negative buoyancy below. To accelerate
surface air upward into the updraft_requires the non-
hydrostatic pressure shown. Since w'p' <0 at cloud base,
the cloud Tayer does work on the subcioud layer.
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the convective scale vertical motion field, one finds (WTET)Z=ZC < 0.
In other words, the work done on the subcioud layer by the cloud layer
maintains the convective motions of the subcloud layer.

The horozontally homogeneous steady state solutions we have just
discussed must be applied with caution to real physical situations.
This fact will become clear in the next section where we will show that
certain aspects (especially cloud top) of the solutions found under

steady state horizontally advective situations can be far from their

steady state horizontally homogeneous values.
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4. Horizontally inhomogeneous solutions

In this section we present results of the numerical integration of
the system (2.33) - (2.44) using the procedure described in section 2.3.
We are concerned with the variation of the dependent variables (left
column of Table 7) under varying externally specified parameters (right
cotumn of Table 7), primarily varying sea surface temperature and large-
scale divergence. The results presented here can be interpreted either
in a Lagrangian sense (i.e. as the downstream modification following a

parcel along its trajectory) or in a locally steady state horizontally

inhomogeneous sense (i.e. assuming g%-= 0 and interpreting the substan-
tial derivative é%-as v é%). To facilitate both interpretations we have

labeled figures with both distance and time.

Since the system (%.33) - (2.44) contains three first order dif-
ferential equations, we must specify initial conditions on hM, (q+£)M
and Zp. In all cases we have initialized the model with the relevant
steady state horizontally homogeneous solution. The only finite dif-
ferencing procedur: needed to solve (2.33) - (2.44) is a time differen-
cing scheme for (2.42) - (2.44). Because of its accuracy we have chosen
to use the classical fourth order Runge-Kutta scheme.

Table 9 outlines the sea surface temperature, wind speed, and large-
scale divergence used in the six experiments we shall now discuss. The
first four experiments are idealized situations which are based on the
eastern North Pacific maps of Neiburger et al. (1961) and Miller and
Stevenson (1974). The mean July maps of Neiburger et al. (figures 23-25)

show resultant streamlines and isotachs, sea surface temperature, and



TABLE 9.

q(zg+) and F (zB+)

( See figures 10-13).

Externally specified parameters for various model experiments.
Experiments 1-5 use the mean July Oakland sounding for h(zB+)
Experiment 6 uses a typical AMTEX sounding.

Sea Surface Temperature, Ts

Wind Speed, V

Divergence, D

Experiment 1: Movement from cold to Tg linearly increases from 7 ms~ L 4 x 10-%71
warm water with a constant| 15°C to 20°C over 1000 km.
divergence field.
Experiment 2: Movement from warm to Te linearly decreases from 7 ms"l 4 x 10” 6 -1
cold water with a constant| 16°C to 14°C over 1000 km.
divergence field.
Experiment 3: Movement from low diver- D Tinearly increases
gence to high divergence “ o -1 -6_-1
with a constant sea sur- 15%C 7 s from 2 g 1? s To
face temperature field. 6 x 107°s ~ over 1000 km.
Experiment 4: Movement from high diver- D Tinearly decreases
to Tow divergence with a o -1 6 -1
constant sea surface 15%C 7 ms from 6 g lg to
temperature field. 2 x 107 over 1000 km.
Experiment 5: Movement over a discon- Tg changes d1scont1nuous]y 7 ms'l 4 x 10—63—1
tinuous 2°C increase in from 14°C to 16°C
sea surface temperature.
Experiment 6: Simulation of a winter- X=X, -1 ) -6 -1
time cold air outbreak Ts(x) = T,+AT tanh 3 12 ms 10.2x 10" s

over the East China Sea,
16 February 1975.

Q/
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Figure 23.

Resultant surface wind streamlines and isotachs
for July. After Neiburger et al. (1961).
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Figure 24. Mean sea surface temperature for July (°C).
After Neiburger et al. (1961).
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Figure 25. Divergence of resultant surface winds for
July ?10‘65'1). After Neiburger et al. (1961).
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large-scale divergence. One deficiency of figure 23 is that it displays
resultant wind speed, i.e. the speed of the vector averaged wind. What
should probably be used for V in the model is the average wind speed.
Miller and Stevenson's diagram of mean July 1961-74 surface pressure,
resultant wind direction, resultant wind speed and average wind speed is
shown in figure 26. Note the large differences between resultant wind
speed and average wind speed. These maps indicate that there is a Targe
region southwest of San Francisco where marine layer air passes from
cold to warm sea surface temperature and from high to low divergence.
The maps also indicate that there is a region northwest of San Francisco
where the air passes from warm to cold sea surface temperature and from
low to high divergence. Experiments 1-4 have been designed to isolate
the influence of varying sea surface temperature and varying divergence
in these two regions. Thus, we have used the mean July Oakland sounding
(figures 12 and 13) for h(zB+), q(zB+), and Ft(ZB+) in Experiments 1-4.

Experiment 5 is an attempt to illustrate the different adjustment
time for hM and (q+£)M as opposed to that for Zp. In Experiment 5 we
have again used the mean Oakland sounding for h(zB+), q(zB+), and
i (zp+).

Experiment 6 is an attempt to simulate the rapid changes which
occur in a cold air outbreak over the Kuroshio Current. Qur sea sur-
face temperature pattern takes the form

X—X0
Tg(x) = T  + oT tanh 54—, (4.1)

where we have chosen T0 as 14°C, AT as 7°C, xO as 500 km, and d as 70 km.

Equatior (4.1) is an attempt to fit the mean February sea surface temperature
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pattern, assuming approximately northwesterly surface flow. The mean
February pattern (reproduced from Lenschow, 1972), along with the sur-
face winds for 00Z-06Z 16 February 1975, was shown in figures 10b and
10c. The divergence, surface wind speed, and profiles of h(zB+),
q(zB+) and Fi(ZB+) shown in figures 12 and 13 are taken from the 00Z
and 06Z AMTEX soundings for 16 February 1975 (see Management Committee
for AMTEX, 1976). A DMSP satellite image for 0255Z 16 February 1975

was shown in figure 10a.

et us iscu r of the i iments.
Let now discuss the results of these six experiments

4.1 Influence of varying sea surface ifemperatures
The first two experiments are designed to illustrate mixed layer
behavior under conditions of constant wind speed (7 ms'l), constant

65-1), and varying sea surface temperature. In

divergence (4 x 10~
Experiment 1 (figure 27) air moves along a trajectory toward warmer
water, with the sea surface temperature gradient being 5°C/1000 km.

In Experiment 2 (figure 28) air moves toward colder water, with the

sea surface temperature gradient being -2°C/1000 km.

The results of Experiment 1 show that advection over warmer water
produces increases in Zps hM’ (q+K)M, and the fluxes of h and gt£. In
addition, the increase in hM and (q+£)M is such that the subcloud layer
is warmed enough for Ze to rise, even though the marine layer is mois-
tening. The cold advection very quickly produces a positive (w‘sv' 5
After 500 km about 50% of the buoyant production of turbulence kinetic

energy (figure 27f) is coming from the subcloud layer, while after

1000 km about 60% is coming from the subcloud Tayer. Some of the
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differences between Experiment 1 at 600 km or about 24 hr and the steady
state horizontally homogeneous solutions of the last section are shown
in Table 10. As might be expected, in this cold advection situation the

cloud top and cloud base tend to be lower, h, and (q+£), tend to be

M M
smaller, and the surface fluxes tend to be larger. But perhaps most

interesting is the large difference in cloud top heights. The cloud top
after 600 km is only 515 m, which is considerably lower than the steady
state horizontally homogeneous value of 872 m. We shall Tlater attempt

to explain this in terms of the slow adjustment time for Zp.

TABLE 10. Comparison of the steady state
horizontally inhomogeneous solution
after 600 km (i.e. where Te¢ is 18°C)
of Experiment 1 with the s%eady state
horizontally homogeneous solution.

Horizontally Horizontally
Inhomogeneous Homogeneous
Zp (m) 515 872
zZe (m) 405 511
hy (kakg™h) 317.38 319.14
(a+2)y (gkg™h) 10.37 10.59
o (W) (Hn?) 83 60
oL(WTq")g (M) 76 69

The results of Experiment 2 show that advection over colder water
causes zp, Zp, hy, (q+£)M, and the fluxes of h and g+£ to decrease.

The descent of cloud base indicates a tendency to produce a fog at the
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surface. In two other experiments (not shown) in which we changed the
sea surface temperature gradient from -2°C/1000 km to -3°C/1000 km and
-4°C/1000 km (leaving the initial conditions unchanged) cloud base
descended to the surface in S90 km and 570 km respectively. Figures

23 and 24 indicate that northwest of San Francisco summeriime cold
advective situations stronger than -4°C/1000 km are quite common. Thus,
the northern California and southern Oregon coasts must be regions of
frequent summertime fog. That this is indeed the case is illustrated

in Table 11, which shows the averazge number of days per month with
visibility less than a half mile for coastal Oregon and California
stations. The table was constructad using data from U. S. Naval lieather
Service (1969). The most interestinc feature of the izble is the sum-
mertime high incidence of low visi:® "%y in northerin California as

opposed to the low incidence in scuthern California.

4.2 Influence of varving large-scale divergence

Experiments 3 and 4 are designed to illustrate mixed Tayer behavior
under conditions of constant wind speed (7 ms'l), constant sea surface
temperature (15°C), and varying large-scale divergence. In Experiment 3
(figure 29) air moves toward higher divergence, with the gradient being
4 x 10‘65"1/100010n. In Experiment 4 (figure 30) air moves toward lower
divergence with the gradient being -4 x 10'65'1/1000 km.

The most apparent general feature of figures 29 and 30 is that
there is practically no variation of any model variable except Zp-
Although it may at first sight seem surprising, this feature is consist-

ent with figures 14-18, which show that in the steady state horizontally



TABLE 11.

The average number of days in the specified month on which

there was at least one observation of visibility less than

0.5 mile.

Except for the omission of San Franciscol, the

stations along the Oregon and California coasts listed here
are the same as those listed in Table 2.

Station Per. of Rec. Latitude Longitude Elev. | Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec | Year
Astoria, Oregon 12 years 46.2°N 123.9°W 3 m |4.2 2.6 1.4 2.0 1.3 1.1 1.1 4.1 5.2 6.1 3.3 5.4|37.8
North Bend, Oregon 12 years 43.4°N 124.2°W 4 'm |{3.0 4.3 3.1 3.9 3.7 4.1 5.7 10.7 12.6 11.7 7.1 5.9|75.8
Crescent City, o o

california 6 years 41.8°N 124.2°W 17 m |2.4 2.6 2.0 3.6 5.4 5.8 10.0 15.3 12.8 11.9 6.0 1.8179.6
Eureka, California 12 years 40.8°N 124.1°W 2 m |2.7 3.4 2.1 4.3 4.2 6.4 12.5 13.2 13.0 12.7 9.5 5.5)89.5
Monterey Peninsula, o °

california 12 years 36.6°N 121.9°W 68 m |2.8 2.8 2.0 2.3 1.8 2.8 6.4 7.3 6.6 8.1 4.0 2.6|49.5
Los Angeles Int'l

Airport, 12 years 33.9°N 118.4°W 39m |4.4 4.0 4.7 3.1 1.4 1.6 1.8 2.6 4.7 53 6.1 6.5|46.2

California
San Diego Int'l
Airport, 12 years 32.7°N 117.2°W 5m |4.0 3.4 3.0 2.2 0.5 1.0 1.2 0.8 4.1 4.4 5.5 6.1} 36.2

California

1

ocean conditions.

The San Francisco area has been omitted because the available stations are not well exposed to open

L6



TIME (hr)

5 15 20 25 30 35
1200 I ‘ ] ! | |
EXPT. 3
1000 - Zg ]
800— \
- HEIGHT

(m) 600 [~ —
400 Zc ]
200 |- -

l 1 l I l | | ! ]

Figure 29a.

100 200 300 4
DISTANCE (km)

00 500 600 700 800 900 1000

Results for Experiment 3 (increasing divergence, constant sea surface temperature).

86



TIME (hr)

) 5 10 15 20 25 30 35
36 I I I [ [ I {
" EXPT. 3 .
hS
35 -
ENERGY . i
(kJ kg™ i ]
. .
314 | -
i hM -
:3|:3 i | 1 | | ] | | f
100 200 300 400 500 600 700 800 900 i000

Figure 29b.

DISTANCE (km)

Results for Experiment 3 (increasing divergence, constant sea surface temperature).

66



MIXING
RATIO 10
(gkg")

9

Figure 29c.

TIME (hr)

fl_) '10 |15 - 20 25 30 35
! I I I
- EXPT. 3 .
: 9 :
- (g+ L), |
1 1 | | | | | '

00 200 300 400 500 600 700 80
DISTANCE (km)

O 900 1000

Results for Experiment 3 (increasing divergence, constant sea surface temperature).

001



TIME (hr)

" 5 10 15 5 3 S
60 I | l 210 2| IO 3|
EXPT. 3 AFg
S0 eL(w'q’) B
40 /PL W’(q'+ 2')3 -
— 4 -+ ———— e R s
FLUX _
(Wm2) 30 K — '
(wh)
20 - p—l—ls -
P(W h )B

Kol —~

| | | | | l | | a

100 200 300 400 500 600 700 800 900 000
DISTANCE (km)

Figure 29d. <Results for ixperiment 3 {increasing divergence, constant sea surfice temperature). *

101



TIME (hr)

. 5 10 15 20 25 30 35
<J | I | I | 1 I
EXPT. 3
251 -
20 [~ | —_ 3 -
p(WIS(,)C_'_
FLUX 151 * _
(Wn72) p(WSh).. \
10} -
S 7 i
'O(W SV)C—
obe e =Ty N ]
| p(W'sy) J\
-5 | l 1 | 1 1 | ! |

100 200 300 400 500 600 700 800 900 1000
DISTANCE (km)

Experiment 29e. Results for Experiment 3 (increasing divergence, constant sea surface temperature).

201



X =0km X = 500.km x = 1000 km
1100

090 ] EXPT. 3

900 - ' |

800

700}

HEIGHT 600 | |
(M £o0l-
400}

300 |-

200 |-

100 -

- L ] | I | I | l l ]

I l
-5 0 5 10 15 -5 0 5 1015 -5 5 10 15
VIRTUAL DRY STATIC ENERGY FLUX, pw's) (Wm?)

. C— T C— — . it — T Y. W — —

-

Figure 29f. Results for Experiment 3 (increasing divergence, constant sea surface temperature). .

€01



- TIME (hr)

5 10 15 | 20 25 30 35
1200 I I | | | l l
EXPT. 4
000 |- —
800 |- a
G

HE(m ;_{T 600 =
400 — ZB -
200 Zc =

I | ! | | [ | 1 |

100 200 300 400 500 600 700 800 900

Figure 30a.

DISTANCE (km)

Results for Experiment 4 (decreasing divergence, constant sea surface temperature).

1000

#7017



TIME (hr)

_ 5 10 15 20 25 20 35
Slo i I I I I I |
- EXPT. 4 ) ‘
_ he -
315 -
ENERGY i .
(kJ kg™ ]
3141 -
n hM q
o i
3|3 ] | | | | i l | 1
100 200 300 400 500 600 700 800 900
DISTANCE (km) ‘
Figure 30b. Results for Experiment 4 (decreasing divergence, constant sea surface temperature).

1000

60T



| TIME (hr)
5 10 15 20 25 30 35

] ] i I ] | |

' EXPT. 4 1
| s :
MIXING 1
RATIO IOF 3
(gkg') | (g+ ), .
Or _

| ] | ] | i ] ]

100 200 300 400 500 600 700 800 900 !000
DISTANCE (km)

Figure 20c, Results for Experiment 4 (decreasing divergence, constant sea surface temperature).

901



FLUX
(Wm2)

60

50

40

30

20

10

TIME (hr)

5 10 15 20 25 30 35
i 1 | x | | |
EXPT.
1 [ 1 | | | 1 1 |
100 200 300 400 500 600 700 800 900 1000

DISTANCE (km)

Figure 30d. Results for Experiment 4 (decreasing divergence, constant sea surface temperature). !

L01



TIME (hr)

5 10 15 20 25 30 35
30 , | | | | I I
EXPT. 4
25k -
20| .~
FLUX p(w'sy)
(Wrﬁ‘Z) 15 - S ]
10
5" (W’S(I)s -
N S
-5 | | 1 | | | | | 1

Figure 30e.

I0O0 200 300 400 500 60C 700 800 900

Results for Experiment 4 (decreasing divergence, constant sea surface temperature).

DISTANCE (km)

| 000

80T



X=0km X =500 km x=1000km
| 100

1000 -
900 -

800

700
HEIGHT 600
(M) 500l
400

300 - | |

200 -

100

EXPT. 4

1 | ] l I i |

60T

|
l ok
5 0 5 10 15 5 0.5 10 15 5 0 5 10
VIRTUAL DRY STATIC ENERGY FLUX, ,rw's, (Wm?)

Figure 30f. Results for Experiment 4 (decreasing divergence, constant sea surface temperature)’.



110

homogeneous case, of the variables Zgs Zpoo hM’ (EiiﬁM, w'h', and
w' (q"+2'), only Zp has a strong dependence on divergence in the range

65_1 to 6 X 10'65—1.

2 x 107
Another interesting feature of these two experiments is the slow
adjustment of cloud top. If Zp after 1000 km in Experiment 3 were in a
horizontally homogeneous steady state, it would be the same as the
initial value of Zp in Experiment 4. Conversely, if Zg after 1000 km
in Experiment 4 were in a horizontally homogeneous steady state, it
would be the same as the initial value of Zp in Experiment 3. Thus,

even in weak advective situations we might expect to find Zg rather far

from its horizontally homogeneous steady state value.

4.3 Adjustment times

In Experiment 5 (figure 31) mixed layer air, after flowing for a
Tong period over water with a temperature of 14°C, instantaneously en-
counters water of 16°C. As expected an adjustment to the new conditions
occurs. Cloud top and cloud base become higher, hM and (q+2)M increase,
and the fluxes of h and g+2 adjust to nearly double their original values.
For zy to change 63% of the way to its asymtotic value requires 80 hours,
while for hM and (q+z)M to change 63% of the way to their asymtotic values
requires only 4 hours. This large difference in the adjustment time for
zp as opposed to that for hM and (q+2)M appears to be a general feature
of the model under typical eastern ocean situations. We shall offer an

explanation of this phenomenon in section 5.

4.4 Wintertime air mass transformation
The gradients of sea surface temperature used in Experiments 1 and 2

are characteristic of marine stratocumulus of the eastern oceans. When
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wintertime cold air outbreaks occur in the eastern North Atlantic or in
the East China Sea trajectories may cross regions of very intense sea
surface temperature gradients associated with the Gulf Stream or the
Kuroshio Current as was shown in figure 10. 1In Experiment 6 (figure 32)
we attempt to simulate such air mass transformation by imposing the sea
surface temperature field given by (4.1).

Figure 32a reveals the remarkable deepening of the mixed layer pre-
dicted by the model. The predicted deepening agrees reasonably well
with the observed deepening (figure 10b), Since hM (figure 32b) in-
creases while (q+2)M (figure 32c) remains nearly unchanged, the cloud
base height Ze increases. The turbulent fluxes (figures 32d-f) are very
large by eastern ocean standards. As might be expected there is a
tendency for the largest fluxes to occur just after the largest sea sur-
face temperature gradient is encountered. Note that at about 1750 km
the p(WTET)S and pL(WTET)S curves cross, i.e. the ajr-sea temperature
difference vanishes. Thus, the mixed layer temperature has warmed up to
the sea surface temperature while the mixed layer moisture has changed

1ittle. This will be discussed further in section 5.

4.5 Generalized method for horizontally inhomogeneous solutions

So far we have discussed idealized horizontally inhomogeneous
solutions. In order to construct the steady state horizontaily inhomo-
geneous properties of the mixed layer as a function of longitude and
latitude we need to solve the governing set of equations for many
neighboring trajectories. When solving the governing set of equations
we must specify the sea surface temperature and pressure, the large-

scale wind speed and divergence, and the temperature and humidity of the
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air above the mixed Tlayer, all as functions of the downstream distance
X. Since wind speed and divergence are required along a trajectory,
neighboring trajectories must be constructed in a manner consistent
with the specified wind speed and divergence. To accomplish this we
can begin with two dimensional {longitude. latitude) mean monthly fields
of large-scale wind speed and direction (e.g. as given by Neiburger
et al., 1961, or Miller and Stevenson, 1974). From the speed and direc-
tion we can compute the two dimensionail field of large-scale divergence.
Beginning at some initial Tongitude and latitude we can also compute
from the speed and direction a sequence of longitude-latitude points
which 1ie along a trajectory, and we can label each point in térms of
the elapsed time from the initial point. This problem can be solved by
spherical trigenometry considerations as follows.

Suppose we are at the longitude-iatitude point (Ai, ¢1) on the
trajectory and wish to proceed downwind in the direction o to the next

longitude-latitude point (A ¢i+1) as shown in figure 33. The three

i+1?
great circles connecting the three pairs of points (Ai, ¢i) and,(ki+1,
¢i+1)’ the north pole and (Ai, ¢i)’ and the north pole and (Ai+1’ ¢i+1)
form the sides of a spherical triangle. The cosine law for sides states
that the cosine of a side of a spherical triangle is equal to the pro-
duct of the cosines of the other two sides plus the product of the sines
of those two sides multiplied by the cosine of their included angle.
Applying the cosine law for sides to the great circle connecting the

north pole and_(Ai+], ¢1+1) we obtain

d d
sin $ip] = sin 93 cos <E) + cos ¢, sin (E’)cos o (4.2)
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Applying the cosine law for sides to the great circle connecting (xi, ¢1)

and (Ai+1’ ¢i+]) we obtain

d
cos (a )= sin 95 sin 9547 T COS b5 COS ¢ 4 COS (ki - z1+}), (4.3)

which can also be wirtten as

d). .
cos (5) - sin ¢, sin ¢,

cos (A; - Az q) = (4.4)
i i+ COS ¢35 COS ¢44;
The time elapsed in the air trave! distance d is
_d
tigg -t s v;u (4.5)

Knowing the coordinates (xi, ¢1), the wind direction PP the wind
speed Vi’ and the specified downstream space increment d, the latitude
of the next downstream point can be computed from (4.2), its Tongitude
from (4.4), and the time increment between points from (4.5).

Model output derived using the above method can be compared to
mean monthly maps of inversion height, air-sea temperature difference,
etc. Although the method is open to the criticism that the response to
average conditions is not necessarily the average response, it is pro-
bably the best that can be done with presently available data. The
method has been used by Steiner and Schubert (1977) to compute the pro-

perties of the stratocumulus regime off the west coast of South America.
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5. Approximate analytic solutions

In this section we shall derive approximate analytic solutions to
the governing equations. Assuming that wg is given by —DzB, we can

eliminate (w'h')S and (w‘h‘)B from (2.1), (2.3) and (2.5) to obtain
dh C-V dz C.V dz

(P 1 7B . 1B __R
W*[zg i 2 +[D+z Jh(ZB”) oY

Similarly, we can eliminate (w'q')S and w’(q'+£}>B from (2.2), (2.4) and
(2.6) to obtain

d(q+£)M CTV 1 sz C.V 1 dzB
—— s——— - * — i
at +[z *h*o dtJ(q’%)M Z qS+{D+z dtJ a(zge) . (5.2)
B B B B

Equations (5.1) and (5.2) can be regarded as differential equations
which give the variation of hy, and (q+£)M along the trajectory if the
variations of Zp and AFR along the trajectory are known. The solutions

to (5.1) and (5.2) are

b (o) |
hM(t) = hM(O) +/ a(t,t ){Z—B(t—.)—' [hg(t )-hM(O)J

o}

dz AFp(t')

and
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(a+L)y(t) = (q+£)y(o) +/ a(t,t') ziB(t_T [qg‘(t')—(q%)M(Oﬂ

o}

t {c V(t')

dz
+ [n(t') +EE%F7 d—ﬂ [q(z3+<t'))-(q+z>M<o] } dt' ,  (5.4)

where

t coV(t") L dzg
alt,t') = exp { / {W+ D(t") + @ﬁa‘r} dt“} . (5.5)

tl

The solutions (5.3) and (5.4) show that the effects of upstream condi-

tions are gradually forgotten as the result of the three terms in the
¢V
integrand of (5.5), i.e. surface transfer (7;—0, entrainment due to
' B
mean subsidence (D), and entrainment due to boundary layer deepening in
dz
the downstream direction (éL'Tﬁ? . The integrand of (5.5) is always
ey BT dz
positive since both — and D + =— — (which is directly proportional
Zp Zp dt
to the net mass flow across the top of the mixed layer) are always

positive. How fast are upstream conditions on hy and (q+£)M forgotten?
As an example let us consider Experiment 5 of the last section. Even

after the instantaneous sea surface change, the quantities
CTV 1 dzB
—— : D : = —= do not vary much along the trajectory and have typ-
Zp Zp dt
jcal values of 28 : 4 : 2 in units of 107871, Thus, a(t,t') can be
CV
r%;(t_tq
B

roughly approximated by exp , which is shown in figure

34. In this case it appears that, as far as hy and (q+£)M are con-
cerned, conditions more than 24 hours upstream are more than 90% for-

gotten. As a second example let us consider Experiment 6. At 600-700 km



1.0 r Y . T T 10
08 408
a(tt’) ose , {06
and exp{-D(t-t')} ]
b (T';T,) 04 104
0.2 40.2
Jd 1 1 1 |
50 60 70 80 90 100
t-1"(hrs)
C,V
Figure 34. The functions exp {- _z—;(t- t')} and exp {-D(t-t')} are approximations
to a(t,t') and b(t,t'), respectively. The curves are based on Experiment 5,

in which C; = 0.0015, V = 7 ms™L, D = 4x107%", and zy = 375 m.

6¢1



130

CTV 1 dzB
the quantities — : D : CRr T have the values 15 : 10 : 32 in units

z z
of 1076571, while at 1600-1700 kn they have the values 6 : 10 : 3.
These figures are in sharp contrast to Experiment 5, indicating that
the AMTEX situation is one in which mixing across cloud top plays a
very important role. According to (5.3) this mixing across cloud top
will tend to increase hy, but according to (5.4) it will tend to
decrease (q+£)M. Thus, in the AMTEX situation so much dry air is
entrained across cloud top that the mixed Tayer does not moisten.

However, the atmospheric column as a whole is rapidly moistening due

to the increase in Zp.

To determine the variation of Zg along the trajectory we could
combine (2.3), (2.4), (2.5), (2.6), (2.10), (2.22), (2.31), (2.32),
(5.3) and (5.4) into a single differential equation for Zg. Although
this can in principle be done, it leads to an extremely complicated
equation for Zp- Here we shall consider only the minimum entrainment

case and assume that the minimum w'sv occurs at the surface.1 The
assumption that (w'sv')S vanishes decouples the cloud base relation

(2.10) from the entrainment relation, so that we have simply

hy - (1-es)L(q+l)y = sk . (5.6)

Using (5.1),'(5.2) and (5.6) we can easily obtain

dzB Lo 1 ds¥. L. AFp (5.7)
-g¥* X3 s .

dt [sv(zB+) s dt B p[sv(zB+) S

1

The minimum occurs at the surface in Experiments 2, 3 and 4 of
the last section.
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which is a differential equation for z, provided AF, and sv(zB+) are

known. The solution of (5.7) is

t AFL(t')  ds*
| 1 R VS
ZB(t) = ZB(O) +/ b(t,t )g[sV(ZB+(t|))_scs(tl)] [ o + dt::]

o]

—D(t')zB(O) % dt' (5.8)
where

t
1y = ‘ i 1 dsts "
PEE) ey ) ) - ey w4 (59

-

After the instantaneous sea surface temperature change of Experi-
ds*

ment 5, —H%§vis zero so that b(t,t') can be written exp{-D(t-t'){,
C.V
which is also shown in figure 34. Since 5%— for Experiment 5 is about
B

seven, the memory time for zp is about seven times the memory time for
hy and (q+£)M.

Although we have derived (5.7) - (5.9) using the assumption that
(RFE;T)S vanishes, our experience with numerical solutions indicates
that the longer adjustment time for zp compared to hM and (q+£)M is a
general feature, at least under typical eastern ocean situations.

Perhaps additional analytic progress on this problem could be made with

the two time scale procedure described by Cole (1968).
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6. An observational program

With Lilly's work and the extensions of his work which have
followed it seemed to us that the state of the theory of marine strato-
cumulus convection was considerably more advanced than the observations.
This indicated the need for an observational program taking advantage
of modern aircraft turbuience measuring techniques. Such a program
could probably be carried out at any of the Tive regions discussed in
section 1 and, were it an ideal program, would measure all the model
input and output quantities listed in the first and third columns of
Table 7. An ideal program seems to be almost within reach1 of the
NCAR Electra aircraft measurement capabilities, which are summarized
in Table 12. The inertial navigation system allows accurate determi-
nation of the velocity of the aircraft with respect to the earth,
while the airspeed, attack angle, and sideslip angle measurements allow
computation of the velocity of the air with respect to the aircraft.
The difference of these two is the velocity of the air with respect
to the earth. This velocity, in combination with the air temperature,
water vapor, and liquid water measurements in principle allows the
computation of heat, water vapor, and liquid water fluxes. 1In
addition, radiation, sea surface temperature, and mean profile measure-
ments are possible. In June 1976 a program of five NCAR Electra flights
totaling about thirty hours was carried out off the California coast.
A more detailed discussion of this program is given in Wakefield and

Schubert (1976). An example of cloud conditions and mean profile data

1The large-scale divergence appears to be too small to measure
using only an aircraft.
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TABLE 12.

Summary of NCAR Electra measurement capabilities.

Parameter Measured

Instrument

10.

11.

12.

Aircraft pitch and roll

Aircraft heading and ground speed
Aircraft vertical velocity
Aircraft Tatitude and longitude
Angles of attack and sideslip

Airspeed

Altitude

Air temperature

Water vapor content

Liquid water content

Radiation

Sea surface temperature

Inertial Navigation System
Inertial Navigation System
Inertial Navigation System
Inertial Navigation System
Fixed and rotating vanes

Wingtip and boom piiot-static
tubes

Radio and pressure altimeters

Platinum resistance wire, tungsten
resistance wire, wet bulb
thermistor, bolometric
radiometer (PRT-6)

Thermoelectric hygrometer,
Lyman-alpha hygrometer,
microwave refractometer

Hot-wire flowmeter, Knollenberg
Forward Scattering Spectrometer
Probe

Upward and downward looking
pyrgeometers and pyranometers

Bolometric radiometer (PRT-5)
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for the Tast flight was shown in figures 4 and 5. On this flight many
ten minute crosswind legs were made in the subcloud and cloud layers
in an attempt to determine the various turbulent fluxes. The results
will be presented in a future paper.

To make a more complete observational study would appear to require
a large increase in effort and cost. For example, to measure large-
scale divergence and thus be able to compute turbulent fluxes as
residuals from the Targe-scale heat and moisture budget equations would
require an array of ships with tethered balloons. Such a program has
already been proposed as part of the Global Atmospheric Research

Program.



7. Summary and conclusions

We have reviewed the climatology of the various marine stratocumulus

regimes and presented a combined convective-radiative model for their
study. Both horizontally homogeneous and horizontally inhomogeneous
solutions to the model have been investigated. How could the model be
further improved? One possibility is to include the momentum equations
so that surface winds and divergence are no longer externally specified
quantities but are dependent variables of the model. One might then
specify only the sea surface temperature and pressure fields. Another
possibility for improvement is to generalize the model to incliude both
stratocumulus and trade cumulus convection. Then trajectories could be
followed closer to the ITCZ, and one could study the transition from
stratocumulus to trade cumulus convection. Such a model has recently
been deyeloped by Albrecht (1977) along lines first proposed by Betts
(1973).
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