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SUMMARV 

2. 

3. 

The computation of ground surface temperature in the Rand two-level 

atmospheric general circulation model has been examined with specific 

reference to the inclusion of soil heat capacity as well as soil heat 
flux. 

In the control experiment, a global ground surface temperature 

distrxbution was calculated by solving the heat balance equation at 

the earth-atmosphere interface, assuming a zero soil heat capacity as 

wel. a* zero heat flux into the soil by conduction.  The results based 

on 48-hour integration of the model for January show the following: 

1.  The daily maximum surface temperature is too high, especially 

In equatorial and tropical regions of both the summer and win- 

ter hemispheres. 

The amplitude of the diurnal temperature oscillation is  un- 

realistic in these regions. 

There is no time lag between the maximum solar radiation and 

the maximum ground surface temperature. 

The computation of ground surface temperature (bare land only) was 

repeated with the same conditions (e.g.. zero heat capacity) as those 

I« the control experiment e*oePt  that an explicit parameterized formu- 

lation for soil heat flux was included in the heat balance equation. 

The results of these experiments showed relatively lower amplitudes of 

daily maximum surface temperature as well as diurn.l range.  However 

the maxima in soil heat flux, solar radiation, and ground temperaturl 

occurred at the sore  local time. This feature is at variance with ob- 

servations, which show that the maximum in soil heat flux precede, the 

maximum in solar radiation by 2 hours and the maximum in ground tempera- 
ture by 3 hours. 

The model was then integrated to compute ground temperature by 

solving a prognostic equation that included nonzero soil heat capacity 

as well as soil heat flux.  The results of this experiment showed the 
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most realistic distribution of ground surface temperature with respect 

to amplitudes of ground temperature and diurnal range, as well as phase 

relationship between the ground temperature, solar radiation, and soil 

heat flux. 
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SYMBOLS 

C = surface drag coefficient 

C ■ sensible and latent heat flux parameter 

C ■ specific heat of air at constant pressure 
P 
c ■ volumetric heat capacity of the soil 

D ■ damping depth 

G = soil heat flux 

GW = dimensionless measure of ground wetness 

H = sensible heat flux from the surface 

L = latent heat of evaporation 

LE = latent heat flux from the surface 

, q = respectively, mixing ratios at the surface and in air just 

above the ground 

R = net long-wavt radiation emitted from the surface 

R^, ■ net radiation 

S = total solar radiation absorbed by the ground 

T, = air temperature at anemometer level 
4 

1 = soil temperature at depth D 

T ■ ground surface temperature 

T ■ soil temperature 

f = average daily soil temperature, assumed same at all depths 

|V | = measure of surface wind speed 

.'.t = ti-ne interval of integration 

■ = thermal conductivity of the soil 

- = empirical parameter (= G/R^J 

- = Stefan-Boltzmann constant 

p. ■ density of air at anemometer level 

c = dimensionless vertical coordinate, 0 ^ a < 1, increasing 

downward 

u = frequency of diurnal oscillation 
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I.  INTRODUCTION 

SIGNIFICANCE OF GROUND SURFACE TEMPERATURE 

The heat flux and the temperature distribution at the ground sur- 

face and in the soil, down to a depth where temperature waves are 

damped to a negligible amount, are subjects of considerable importance 

to many meteorological problems.  Meteorologically, the ground surface 

(as the lower limit of the atmosphere; is an intermediary for the en- 

ergy exchange between the atmosphere and the underlying surface.  One 

of the important heat sources aifecting the atmospheric circulation is 

the transfer of sensible and latent heat between the surface and the 

atmosphere.  The direction of the energy flow across the interface is 

primarily determined by the difference between the ground surface tem- 

perature and the air temperature .mediately above it.  Thus in studies 

of atmospheric circulation it is necessary to know the ground surface 

temperature accurately. 

FACTORS DETERMINING THE GROUND TEMPERATURE 

The observed temperature field at the ground (and within the soil) 

is the result of a number of complex factors.  The factors can be 

grouped into two general categories:  the external and the intrinsic. 

The external factors are meteorological elements, such as radiation, 

rain, snow, air temperature, humidity, and heat transfer by the wind. 

Although the relative importance of each of these varies, the radia- 

tion balance generally is dominant.  The intrinsic factors are the 

properties of the soil itself, such as the texture, moisture content, 

topography (including slope and altitude), and vegetation cover.  There 

are also the special effects of an urban environment and of fires.  It 

is evident that to understand the ground temperatures, both the exter- 

nal and intrinsic factors and their interrelationships must be taken 

into consideration. 
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theoretlcal model of surface temperature oscillations.  This model 

gives the amplitudes and phase lags of both the diurnal and annual 

courses in terms of external conditions and the physical properties 

of the soil and atmosphere.  The solutions of this and various other 

analytical models indicate the following characteristics of the sur- 

face temperature. 

1. For zero heat capacity there is HC   time lag between the 

ground temperature and the soil heat flux. 

2. For non-zero heat capacity, the soil heat flux leads the 

surface temperature by 3 hours for diurnal course and 1.5 

months for annual cycle. 

3. The amplitude of surface temperature also depends upon heat 

capacity; for zero heat capacity, the amplitude cannot show 

any appreciable decrease. 

In more recent meteorological research, the ground surface tem- 

perature is usually computed by solving the earth-atmosphere interface 

heat balance equation with the assumption of continuity of the inter- 

face temperature.  These computations are generally made as a part of 

more complex atmospheric circulation models-both boundary layer models 

(Estoque. 1963; Pandolfo et al.. 1965; Sasamori, 1970) and general cir- 

culation models (Manabe et al., 1965; Gadd and Keers, 1970; Gates et 

al., 1971; Delsol et al., 1971; Kasahara and Washington, 1971).  The 

basic assumptions are that the heat capacity of the earth is zero and 

that there in  no net  heat flux through the air-earth interface. Re- 

cently it has been proposed in some general circulation models (Corby 

et al., 1972; Arakawa, 1972) to compute the ground temperature by solv- 

ing a prediction equation.  Myrup (1969) and Outcalt (1972) have de- 

veloped a digital surface-climate simulator model to study diurnal 

surface thermal and energy transfer regimes.  Their models are based 

on the equilibrium temperature theory, which states that given a set 

of astronomical-temporal atmospheric and surface boundary conditions, 

there is one and only one surface temperature which balances the en- 

ergy conservation equation across the surface of the earth.  Jacobs 

 .  :.ZZ~rm****'*>mmmmm 
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and Brown (1973) use a heuristically derived iterative technique to 

solve the quartic  form of the heat balance equation in order to obtain 

an equilibrium surface temperature. 

The ground temperature values obtained in the above-mentioned 

works have been discussed at length in the literature; the results 

necessarily reflect the assumptions of the model.  For example, 

Sasamori (1970) has reported that the predicted surface temperatures 

are higher than observed; he attributes this discrepancy to the as- 

sumption of no horizontal temperature advection.  Estoque (1963) also 

reported his model's tendency to overestimate the soil heat flux dur- 

ing most of the day but to underestimate it about midday.  The general 

circulation models (Gates et al., 1971) indicate highly unrealistic 

values of the ground surface temperature as well as the diurnal varia- 

tion, especially in African and South American regions. 

Computational 

Apart from some variations in the formulatious of the components 

of the heat balance equation among different models, the most note- 

worthy characteristics of the incorporation of heat flux in tne soil 

are as follows: 

1. While a number of local atmospheric and soil boundary layer 

models include soil heat flux expliaitly,   only  Delsol et al. (1971) 

have done so in a general circulation model. 

2. Some general circulation models (Gates et al., 1971; Manabe 

et al., 1965) have completely neglected the soil heat flux as well as 

soil heat capacity. 

3. Other general circulation models use a parameterized technique 

to compute soil heat flux. For example, Kasahara and Washington (1971) 

specify that soil heat flux is three-tenths of the sensible heat flux 

into the atmosphere; Gadd and Keers (1970) consider soil heat flux to 

be a fraction of the net  radiation flux. Corby et al. (1972) who use 

a prognostic equation include soil heat capacity in the equation but 

do not compute soil heat flux explicitly. 
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PURPOSE 

Tiu- purpose of this research is to examine the computation of ground 

surface temperature in an atmospheric circulation model with specific 

reference to the inclusion of soi.i heat flux.  We propose to use the 

existing version of Rand's two-level general circulation model to compute 

the ground temperature.  Various numerical integrations will be performed 

by using different formulations of soil heat flux, and by solving a time 

dependent equation for the ground temperature which includes soil heat 

flux as well as soil heat capacitv.  The results will be compared to de- 

termine the most realistic method for the computation of the ground sur- 

face temperatures. 
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II.  THE BASIC CIRCULATION MODEL 

The basic model equations used in this study are those described 

in a comprehensive description and documentation of a two-level atmo- 

spheric general circulation model by Gates et al. (1971).  The original 

model of Mintz and Arakawa has been adapted by Rand to simulate global 

climate, as well as to test atmospheric predictability, and has under- 

gone a series of modifications and improvements.  F.gure 1 shows a 

schematic cross section of the two-layer model.  The model equations 

are set in the so-called | coordinate system in which the earth's sur- 

face is always the coordinate surface  =1.  Here , is the dimension- 

less vertical coordinate given by ■ = (p - ^/(^ _  ^ where p ^ 

the pressure. pt is the (constant) tropopause pressure, and P is the 

(variable) surface pressure.  The results of numerical experiments 

with the model have been described and discussed by Gates (1972). 

What follows is based on these two Rand reports. 

o-   - o 

a   - 0 

Layer  2 

u,'vv», 
Level   1,  a       14 

Level   2,cr      12 

Layer   1 

U3,  V3, T3,  p3,  (,3 

■,~—-   Level  3, a - 3/4 

Earth 's surface cr      0 

^gg0flß0)JM!^^ '■''ST?, 
<J    1 

Fig.l       Schematical  vertical  representation of the model 

- -   ^   --  «u 
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H    4 D p  s 

where p^ = density of air at anemometer level (level 4) 

CD = surface drag coefficient 

C^ = specific heat of air at constant pressure 

V^ = measure of surfate wind speed 

Tg -' (appearing on right-hand side) ground surface temperature 

at time t 

Also T^ = air temperature at anemometer level 

L = latent heat of evaporation 

qi,.q4 = mixing ratios at the surface and in air just above th« 

ground 

CW = dimensionless measure of ground wetness taking values from 

0 (for dry conditions) to 1 (for completely wet conditions) 

The sign convention preceding the symbols in Eq. (1, is chosen 

so that it is positive when the flux is away from the ground and nega- 

tive when it is toward the surface.  Equation (1) is formulated ac- 

cording to the law of conservation of energy, assuming that the earth's 

surface contains no heat but that a considerable exchange of heat oc- 

curs across It.  It may be noted that Eq. (1) also assumes horizontal 

homogeneity so that only vertical heat transfer is considered; hori- 

zontal advection is of considerable importance in nature when two dif- 

ferent kinds of surfaces exist side by side and where ground is pur. to 

different uses.  For the purposes of our experiment, we applv Eq. (1) 

over bare land, snow-covered land, or ice-covered land.  For ice- 

covered ocean, the surface heat balance equation is modified by the 

addition of a term to include conduction of heat tnrough the ice; over 

the  ocean itself we prescribe the sea surface temperature. 

With initial and boundary conditions appropriate to January, the 

two-level model was integrated for a period of 48 hours.  The ground 

temperature was calculated by using Eq. (2).  The results of the control 

experiment have been compared with other experiments by comparing 

1^^^^^^MHM 
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daily maximum surface temperatuies and the diurnal range of surface 

temperature at all non-oceanic points of the grlo.  For more detailed 

analysis, we selected three representative land points over the globe, 

as shown in Fig. it  which also shows the land areas of the globe as 

resolved by the model. 

Figure 3 shows the global distribution of daily  maximum ground 

surface temperature as simulated by the model for the month of January. 

The realism of this distribution cannot be ascertained for want of 

global daily ground surface temperature maps,  however, an effort will 

be made to draw inferenc. ; on the basic of available Information. 

MAGNITUDE OF MAXIMUM c;URFA:E TEMPERATimF. 

There are very few records of maximum surface temperature for 

natural surfaces, although estimates have jeen made of the maxima of 

surface temperature as a function of the air temperature at the con- 

ventional thermometer shelter level.  For example, Johnson and Davies 

(1927) estimated that in the hottest areas of the globe the surface 

temperature cannot exceed 9Ü0C.  This was based on an air temperature 

of 60oC at a height of 20 cm above the ground.  However, there is no 

direct evidence of any natural surface temperature as high as this. 

AIM, considering that convectlve processes, which have a regulating 

influence on the temperature, become more efficient for high surface 

temperatures, it is doubtful whether substantially higher surface tem- 

peratures can in fact be reached.  These estimates also do not take 

into account other factors that influence the surface temperature, 

such as the effect of water content on the thermal conductivity of the 

soil and the movement of air over the surface. 

In view of the above, it is reasonable to expect that maximum 

"natural" surface temperatures generally do not exceed 60oC in the 

winter hemisphere.  Consequently we infer that the control experiments 

results show an unrealistic distribution of ground surface temperatures 

in the continental areas south of 30oN, i.e., in the tropical region 

of winter hemisphere and in the entire summer hemisphere.  Specifically, 

in the Sahara region, the distribution is more typical of late spring/ 

early summer rather than January (in May, the highest temperature of 
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■.J0C was recürded in Sahara) (Geiger, 1965).  Similarly, temperatures 

of 90oC in equatorial Africa appear to be too high; since this i i a 

very wet and forested region, it is highly unlikely that such a high 

value for maximum surface temperature could be attained in nature. 

Physically, the maximum and minimum surface temperature is reached 

when the flow of heat into the soil exactly balances the flow outward; 

the actual value at.ained depends not only on the radiation, evapora- 

tion, and heat transfer in  the air but also on the heat transfer in 

the soil.  Since we have not incorporated the heat transfer in the 

soil in Eq. (1), it seems likely that this exclusion is largely re- 

sponsible for the "unrealistic" distribution of ground surface tem- 

perature found in the control experiment. 

DIURNAL RANGE OF GROUND SURFACE TEMPERATURE 

Figure 4 shows the global distribution of the diurnal range of 

the surface temperature obtained in the control experiment.  Tn nature 

the amplitude of the surface diurnal variation changes considerably, 

particularly with the time of the year.  In winter, the daily tempera- 

ture oscillation at the surface is mu:h smaller than in summer (Fig. 

5).  Other observations (Geiger. 1965) show that at Pavlosk (60oN) the 

diurnal range in summer is 150C while in winter it is about 2 or 30C. 

In Central Europe (Vienna) the amplitudes for winter and summer are 

30C and 220C, respectively.  In general, outside the tropics, for clear 

days and bare surface, 250C is a fairly representative value of diurnal 

oscillation in summer (Sutton, 1953).  In winter this value is about 

2 or 30C.  It can be seen from Fig. 4 that the diurnal oscillation 

values for the control experiment are rather unrealistic, exceeding 

50oC in South America.  Also, within summer tropical regions, obser- 

vations (Sinclair. 1922) have shown a diurnal range of 560C in the 

extreme, whereas the control experiment shows a diurnal range in ex- 

cess of 70oC over wide areas of tropical regions, even in the winter 

hemisphere.  Thus, although in general the diurnal oscillations ob- 

tained in the control experiment are not realistic, the model at least 

attempts to include the nature of the surface and the state of the sky. 

both of which affect the amplitude of diurnal variation of the surface 

temperature. 

 -   ,  ■■*—»* 
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The tim» 0/ maxinum surface  temperature  is also of considerable 

interest in analysis of heat transfer in the atmosphere.  Observations 

have shown that on clear days the surface attains its maximum tempera- 

ture about 1 hour after the time of maximum solar radiation (Lonnquist, 

1962; Sutton, 1953, p. 197).  It may be mentioned here that this lag 

of ehe daily maximum temperature increases with depth in the soil. 

Figure 6 shows a plot of computed ground temperature ana solar radia- 

tion as a function of local time at two selected locations (A and B) 

of the grid.  It is seen that there is ¥10  time lag between maximum 

solar radiation and maximum ground temperature.  This recult also fol- 

lows frua the analytical solutions and is tc be expected when heat 

capacity is neglected. 

In summary, the results of the control experiment show that 

1. The daily maximum surface temperature is too high, especially 

in equatorial and tropical regions of both the summer and 

winter hemispheres. 

2. The amplitude of the diurnal temperature oscillation is un- 

realistic in these same regions. 

3. There is no time lag between the maximum solar radiation and 

the maximum ground surface temperature. 
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IV.     SOLUTION OF HEAT  BALANCE  EQUATION  INCLUDING 

SOIL HEAT  FLUX:     EXPERIMENTS   1 TO  3 

In  the  previous  section we  have  described  the ground  surface  tem- 

perature  as  calculated  in  the  control  experiment with  the  Rand  two- 

level atmospheric   circulation model.     In   this  section we  describe  the 

results  of  a  series  of numerical  experiments which were  performed  to 

determine  the effect,  on  the  ground  surface   temperature,   of  incorpo- 

rating  the soil heat flux at  the  surface,   assuming  zero heat   capacity 

of  the  ground   itself.     (The  situation when  the heat  capacity   is  not 

zero   is  considered subsequently  In Sec.   V.) 

In  these  experiments   the ground  surface   temperature was  obtained 

as  a solution  of  the  generalized heat  balance  equation 

R + H+LE+G-S  =  Ü (3) 

where R, H, LE, and S have the same meaning and formulations as in the 

control experiment (Eq. (1)), and G is the soil heat flux at the sur- 

face.  Equation (3) was solved for 2 ;."• land points only.  Table 1 

shows the formulation of G'used in the various experiments. 

Experiment 1 

The rate at which heat flows through soil at a depth z is deter- 

mined by the thermal conductivity and the temperature gradient at that 

level.  Thus at z = Ü (surface), the soil heat flux G may be computed 

from the expression 

G. m) 

where  is the (constant) thermal conductivity.  Strictly speaking, 

this equation cannot be applied to real soils because they are not 

homogeneous.  But for most purposes it holds when an appropriate value 

of  is chosen (de Vries, 1963). 

-- - 
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Table   1 

FORMULATIONS  OF   SOU.   HEAT  FLUX  G   USED   FOR   COMPUTINC 
'JROLTTO  SURFACE TEMPFRATURE WITH  EQ.   (3) 

Experiment 

Control 

1 

2 

3 

Formula for Soil 
Heat Flux G 

G = 0:  no flux 

' " D fT8 " V 

Reference 

G .;R 
'N 

G = 0. JH 
LE = H 

Estoque (1963), (L); 
Pandolfo (1965), (L); 
Myrup (1969), (L); 
Delsol et al. (1971) , 
(GCM); Sasamori 
(1970), (L) 

Gadd and Keers (1970), 
(GCM) 

Kasahara and Kashingtrn 
(1971), (GCM) 

NOTE:  In reference columr, L = loca] atmospheric 
and soil boundary laver models; GCM = atmospheric gen- 
eral circulation models. 

SYMBOLS:   ) = thermal conductivity 

T„ = ground surface temperature 

D ■ damping depth 

fjj " soil temperature at depth D 

R^ = net radiation 

lJ = Gj/RN
:  empirical parameter 

Since our circulation model does not have explicit levels within 

the soil, we approximate the above expression for G as 

T 
• -1- (4) 

where Tg is the temperature of ground surface, and 1^  is the tempera- 

ture of soil at depth D (at which the diurnal variations become negli- 

gible).  The values of Tg which can be obtained by using Eq. (4) in 
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Lq. (3) are dependent upon the values assigned to ■, T , and D.  Table 

2 shows the values of these quantities used in some numerical modeis. 

It ntiy be noted that Eq. (4) is an approximate form of Eq. (A-6) of 

the Appendix if we neglect the heat capacitv. 

Table 2 

VALUES OF D, TD, > US EH IN SOME NUMERICAL MODELS 

Model Type D (cm) 
TD (0K) 

A (cal cm  sec deg ) Reference 

Local boundary layer 50 Z9Ü.U 1.44 v io"3 Estoque (1963) 

50 295 0.8 x 10"J to 1.9 x 10"3 Pandolfo (1965) 

20 294.3 2.6 *  10"3 (rural 

9.3 v io-3 (urban 

areas) 

areas) 

Myrup (1969) 

General circulation 500 280 2.1 * 10~3 Delsol et al. 
(1971) 

The thermal conductivity  , which is very important in estimating 

the soil temperature, depends upon the porosity, moisture, and organic 

matter content of the soil (Chang, 1958).  De Vries (1963) has shown 

that  can be estimated from theoretical considerations as a function 

of the moisture content of the soil.  The results of his calculations 

agree well with observed soil ter.^eratures.  In Experiment 1, we spec- 

ify  (Fig. 7) as a function of surface moisture, represented by the 

ground wetness parameter GW in our model:  • varies from 1.2 < 10 

for dry soil (GW = 0) to 6.0 ' IO-3 for GW  0.2.  These values cor- 

respond closely to those given by Priestley (1959). The depth D at 

which the diurnal wave of soil temperature becomes negligible varies 

with the thermal properties of the soil.  In a dry soil the tempera- 

ture wave does not penetrate too far, whereas in a moderately wet soil 

it goes much deeper.  In a thoroughly wet soil, D is the one nearest 

the surface (Chang, 1958).  Here we specify D to vary with ground 

wetness GW so that D increases linearly from 10 to 50 cm as the ground 

wetness GW varies from 0 to 0.5.  Then D decreases linearly from 50 

- - ■■■   
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Fig. 7—Thermal conductivity as a function of 

ground wetness used in Experiment 1 

to 10 cm for GW = 0.5 to 1.  The maximum value of 50 cm is chosen on 

the basis of observations, which show that for common soils the diurnal 

temperature wave does not penetrate below 50 cm (de Vries, 1963).  We 

have specified TD to be 280oK at all bare land grid points. 

Substituting Eq. (4) in Eq. (3) and following the same procedure 

as in the control experiment, we obtain an expression for computing 

ground temperature Tg which is similar to Eq. (2) of the control ex- 

periment, except for the additional terms (X/D)TD in the numerator 

and  /D in the denominator, which arise due to inclusion of the soil 

heat flux in the heat balance equation (3).  Therefore 

S - 
,t+l 

R + CHT4 + r1 K+ GW 
 _E_ 

'W 
dT I  - q (T ) + ;r T 

D D 

1 + — GW 
c 
P 

dT 

(5) 

, ■■— -  
 ■-■ ■ - - -■ -■ 
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Figure Ü   shows maximum surface temperature distribution for the 

African continent.  Comparison of this with corresponding regions in 

Fig. 2 (control experiment) shows a general decrease in the magnitude 

of ground temperature.  The highest value of surface temperature is 

7ü0C. as compared to 90oC in the control run.  The maximum amplitude 

of the diurnal range (Fig. 9) also shows a decrease of 2Ü0C to the 

west and 1Ü0C to the east.  Other regions such as South America and 

Australia also show an improvement over control experiment results. 

30 .V 30 E 

Longitude 

60 E 

30 N 

ION 

EQ 

10S 

i 
D 

30 S 

50 S 
80 E 

Fig.8 — Daily  maximum ground   temperature  ( 0C 
for month of January   (Africa) 

(Experiment   1 ) 

— —              — ■.-.. —- -.-.- 



^PMMPvanninvmm^^M ■ww^MWWPWWMWMiia »4 ii,nWflP"«wv i 

-2 3- 

30 Vy 

Fig. 9— Diurnal   range of ground  surface  temperature 
(0C)   for  month of January   (Africa) 

(Experiment   1 ) 

Since  soil  heat  flux  has  been  incorporated  for only bare  land points, 

there   is  no  change  in   the  patterns  in  the  regions  covered with snow/ 

ice.     Figure   10 shows  the  ground surface   temperature variation with 

local   time  at   three  selected  locations   (A.  B,  and C  in Fig.   2)   for 

both Experiment  1  and   the  control  experiment.     It  can be  seen that 

the  inclusion of  soil  heat   flux G  in  the  heat balance  equation has 

decreased   the  amplitude  of ground  surface  temperature  at  locations A 

and  B appreciably.     However,   at  location  C  this  apparently had no  af- 

fect  on   the  ground  temperature.     The  reason  for these differences  can 

■ - 
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Fig.10       Comparison of daily ground surface temperature (0C) 
between control and Experiment  1 
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be attributed to very dry surface conditions (OH  0) at locations 

A and B but completely wet conditions (GW  0.9) at location C.  Table 

3 shows the values of heat balance components LE. H. and G relative 

to the net radiation F^ at locations A. B. and C for both the control 

experiment and Experiment 1. 

Table 3 

RATIO OF LE,   H,   AND G TO NET RADIATION R 
AT  LOCATIONS A,   B,   AND  C ■N 

Locations A & B 
r  

Location C 

Experiment LE/RN H/RN G/RN LE/RN H/RN G/RN 

Control ~0 1 0 1 ^0 0 
1 - 0   0.6 

1 
0.4 0.9 ~0 

  

0.1 

For the control experiment (G = 0). the ground temperature at 

locations A and B (LE  0) was obtained as a result of balance between 

net radiation R^  and sensible heat flux H. whereas at location C 

(H  0) it was due to balance between R^  and latent heat flux LE. 

For Experiment 1 (G ^ 0). at locations A and B (LE  0) G is about 

40 percent of net radiation, and this contributes to lower tempera- 

tures obtained at these locations.  However, at location C the balance 

is still predominantly between evaporation and net radiation; G is 

only 10 percent of R^  Consequently there is no significant'difference 

between ground temperatures obtained at C for the control experiment 

and Experiment 1.  This shows that while heat flux into the ground is 

important for dry conditions ( 40 percent of R^  for bare ground), it 

is not very significant (  10 percent of R^   in'affecting ground tem- 

peratures for very wet conditions.  These results compare well with 

observations (Sellers. 1965).  Just as in the case of the control run. 

Experiment 1 also does not show a time lag between maximum solar radia- 

tion and -naximum ground temperature (Fig. 11).  Similarly, it may be 

noted that there is no time lag between maximum soil heat flux and 

maximum gro^d temperature.  These results also follow from analytic 

MB. -■   - - 
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The results (Fig. 12) indicate a rather insignificant decrease in the 

daytime magnitude of surface temperature as compared to that of the 

control experiment.  However, during nighttime the surface temperatures 

of Experiment 2 were considerably higher than those of the control ex- 

periment.  These features can be attributed to two different values of 

- used in Eq. (2); lower for daytime and higher for nighttime.  The 

values of diurnal range were also affected only to the extent that the 

minimum in Experiment 2 was higher than that in the control experiment. 

It may be mentioned here that Gadd and Keers (1970) did not compute LE 

and H explicitly, as we did in Experiment 2.  They obtained the latent 

and sensible heat fluxes by partitioning the available flux (R - G) at 

the surface. 

Thus Experiment 2 does not improve the ground surface temperature 

distribution obtained in the control experiment.  This may be attributed 

to the technique of expressing G in terms of R , which gives only a 

crude and indirect estimate. 

Experiment 3 

In their general circulation model, Kasahara and Washington (1971) 

computed the ground surface temperature over land or ice/snow areas by 

solving Eq. (3).  On the basis of a study by Sasamori (1970), they pre- 

scribed the soil heat flux G to be a fraction of sensible flux H.  In 

addition, they specified a value of unity  to the Bowen ratio (H/LE). 

Thus, if we substitute 

and 
G = 0.3H 

LE - H 
(9) 

Eq. (3) becomes 

R ~ S + 2.3H = 0 (10) 

or substituting for H in terms of ground temperature T , we obtain 
g 
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Fig. 12       Comparison of daily ground surface  temperature (0C) 
between control and Experiment 2 
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Tt+1 = T + S - R 
g    U ' 2^ (ID 

The results show that the values of the ground surface temperature in 

Experiment 3 are much smaller than those obtained in the control ex- 

periment. At some grid points, the decrease of surface temperature is 

as much as 20oC.  Figure 13 shows a comparison of ground temperature 

(at two locations) between Experiment 3 and the control experiment. 

It can be seen that while the maximum has decreased considerably (20oC), 

the minimum has increased appreciably.  This is reflected in smaller 

values (not shown) for diurnal oscillations obtained in Experiment 3. 

Thus Experiment 3 gives a much improved distribution of ground 

surface temperature vis-a-vis the control experiment.  However, the 

approximations for G and LE (Eq. (9)) are not quite realistic.  For 

exampl«. the first condition (G = 0.3H) implies that the two processes 

(G and H) are exactly in phase and have the same constant ratio.  This 

is at variance with observations.  Moreover, the value of 0.3 for this 

ratio is not universal; in fact Sasamori estimated this value for dry 

soil only. Again the assumption of a Bowen ratio of unity is also not 

realistic, because observations (Brooks and Goddard. 1966) have shown 

that it has a significant diurnal variation and sometimes changes sign 

also.  It may be mentioned that Kasahara and Washington (1971) suggest 

a calibration of nighttime surface temperatures by controlling the 

ground temperature. 

■ 
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L PROGNOSTIC EQUATIONS FOR GROUND TEMPERATURE 

CALCULATIONS:  EXPERIMENTS 4 AND 5 

In Sec. IV we have described three  methods of computing the ground 

surface temperature.  These essentially involve solving the heat balance 

equation at the earth-atmosphere interface under eh» assumption of zero 

heat capacity.  In this section we consider the situation when the heat 

capacity is not zero.  Table 4 shows the equations used for solving 

for T in Experiments 4 and 5. 

Experiment 

Table 4 

EQUATIONS USED IN EXPERIMENTS 4 AND 5 

Basic Equation to Solve 
for Ground Temperature 

S-R-H-LE-G = 0 

3T 
S-R-H-LE-G = 

3t 

G(0) = 

0(1) 

Expression for G 

Hence the basic difference between Experiments 4 and 5 is that the for- 

mer uses the heat balance equation to compute Tg. whereas the latter 

uses an explicit predictive equation for ground temperature T . Also, 

in Experiment 4, the soil heat flux G is evaluated at the surface, 

whereas in Experiment 5 it is approximated at a 1-cm depth in the soil. 

Thus while the equation used in Experiment 4 involves a non-zero heat 

capacity only mpliaitly  through the formulation for G; the equation of 

Experiment 5 explicitly  involves both soil heat capacity and soil heat 

flux G. 

Experiment 4 

In this experiment we use Eq. (A-7) of the Appendix to represent 

soil heat flux (G) at the surface. Thus 

  ■■■---■ 
. .  ^.■.„- ...■_. ..- 
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G = 
2 

1 ai        1 
 ■ + T - f 
.- Jt    g   J (12) 

Using an implicit technique and writing this in the notation used 

in Eq. (2) of the basic circulation model, we have 

c ■ /¥ [(c1 - o * ^r - i)] 
Here u is the frequency of oscillation, c is the volumetric heat ca- 

pacity, • is the thermal conductivity, f is the average daily  soil 

temperature (assumed to be the s ime at all depths), and At is the time 

step of integration.  Substituting this expression for G in the heat 

balance equation (3) and rearranging, we obtain 

Tt+1 
8 r   ,     dq (T )-|    7=^~     —  

(14) 

It can be seen that Eq. (U) is similar to Eq. (2) or the control experi- 

ment except for the last terms in both the numerator and denominator. 

These arise, in a way similar to Experiment 1, because soil heat flux 

is included in the heat balance equation.  However, for the control ex- 

periment and Experiment 1 we had assumed the heat capacity c to be zero; 

It is non-zero for Experiment 4.  For > we assign the same values which 

were used in Experiment 1 (Fig. 7).  As regards c, it can be expressed 

as the sum of heat capacities of different soil constituents in a unit 

volume (de Vries, 1963); c also depends upon the moisture content.  In 

our experiment we use a constant value of 0.6 eal cm"3 deg"1, which is 

based on the values given by Priestley (1959) and Geiger (1965).  The 

frequency of oscillation u is 7.27 >' 10"5 sec"1, and At is 30 min. 

Since the solution for T^ primarily varies around T, the accuracy of 
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the foraer depends to a great extent on how we treat the latter.  The 

daily average T can be Included In Eq. (H)   in two ways: 

1. Compute f on the basis of the "past" day's values of T and 

use this average in computing Tg for the following day.  This 

technique enables us to let f vary at least on a daily basis; 

also it can be computed at each grid point. 

2. Prescribe f as a function of latitude zones on the basis of 

observation..  However, since there are no maps of soil tem- 

perature available on a daily basis, only monthly maps can 

be used.  Consequently, solutions for T for any month on a 

daily basis are biased toward the value of T prescribed for 

that month. 

We integrated the model for 48 hours, using both the techniques noted 

above. We did not find any significant differences in the results, at 

least for^the two days we considered.  The results discussed here are 

based on T which was prescribed as a function of latitude zones on the 

basis of a map for January prepared by Chang (1958) (Fig. 14). 

Figure 15 shows the distribution of maximum surface temperature 

for Experiment 4.  Comparing this with the results of the control ex- 

periment (Fig. 2) reveals that there is considerable reduction in the 

magnitude of surface temperature; the most noteworthy occurring in the 

western half of Africa.  The highest value in this case is only 60oC, 

waereas it was 90°C in the control run.  Even in the Sahara region the 

range of maximum temperature is from 30° to 506C; for the control run 

these values are from 30° to 70oC with 50° and 60° isotherms dominating 

the region.  In Australia, South Asia, and South American continents 

also, the values tend to become more realistic.  It may be noted that 

in this case, as also in Experiment 1, there are still rather unreal- 

istically high values of surface temperature in the equatorial forest 

region of Africa.  The reason for this is that during the duration of 

the integration of the model (48 hours) there has been no precipitation 

in this region and, quite contrary to a "real" atmospheric situation, 

there is no moisture to cause evapor.-tional cooling.  Simulation of 

......   . .. — .. --■min-i MI-- ■   ■- ■  - -— . ~ ^.~...*-....      . ... ■ -....■■     --■.... ... ., ._.,. . _...._.. ,.- ,.- -^ - -^..^-^^-^^^MJM^^ 



35- 

oo 

c 
a 

0 

o 
z> 
c 
a 

o. 
a> 

-a 

E 
o 
I 

o 

2 
2 
V 

E 
« 

o 

O) 

■ 



36- 

aamiin 

Ü 
z 
o E   .£ 

ö) 

^,^^m^^mm •^^M^BMIHBKHill^MIMaH ■ • --  



-37- 

January climate by Gates (1972) has shown this region to be character- 

ized by heavy precipitation and consequently a high evaporation rate. 

It can perhaps be stated that this unrealistic feature of relatively 

higher surface temperatures in the equatorial African region will dis- 

appear in any long-term integration of the model. 

Figure 16 shows distribution of the diurnal range of ground temp- 

erature.  Again the unrealistic features displayed by the control run 

(Fig  3) have improved considerably, especially in Australia, South 

Asia, South America, and Africa.  Figure 17 shows a plot of T , G, and 

solar radiation S as a function of local time.  It can be seen that 

there is a phase lag of about 3 hours between maximum G and maximum T . 

and a lag of about 1 hour between maximum S and maximum T .  These 

features agree very well with observations (Sellers, 1965; Lettau, 

1951), as well as analytical solutions of the heat conduction equation, 

and are produced by the interaction of various components of the energy 

balance at the surface. 

Experiment 5 

Recently some atmospheric circulation models have computed the 

ground surface temperature (T^) by solving an explicit prediction equa- 

tion for T 
g According to Corby et al. (1972), the ground -urface 

temperature can be computed from the equation 

3T 
__& 
it R - H LE (15) 

where c is the heat capacity per unit area of the surface layer, and 

where S, R, V    and LE have the same meaning as in the control and other 

•xperiments.  It may be noted that Eq. (15) does not incorporate soil 

heat flux G explicitly.  Consequently, we are not able to reproduce the 

diurnal variation of .he surface temperature (T ) realistically.  In 

this experiment we describe our attempt to incorporate soil heat flux G 

in Eq. (15). 

As shown by Sellers (1965), for example, in the absence of hori- 

zontal temperature gradients, the rate at which a soil layer is warming 

' MJMMM *MbJf «kimf •■- 
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or cooling Is proportional to the net flux of energy into or out of 

the layer. Thus for a layer of thickness Az the observed time rate 

of temperature change is given by 

AT 
■' JJ" Az = AG 

or, in differential form 

JT 

c*t dz (16) 

Also, as shown in the Appendix, the soil heat flux G can be expressed 

as a function of z and t.  Thus 

6<»^ = To/iFe"z/d[sin (■ t - —) + COS (wt -*>] (17) 

or 

G(z,t) 
2 
[[i 

5Ts(z,t) 

3T + Tg(z.t) (18) 

In practice it is preferable to use Eq. (18) rather than Eq. (17) 

because ATo, the amplitude of temperature wave at the soil surface, is 

rarely known (Sellers, 1965). De Vries (1963) and others have related 

ATo to the amplitude of air temperature at 2 meters for the annual 

cycle, but such a relationship cannot be determined for the daily cycle 

because of the great variability Involved. 

Let us consider a soil layer extending from the surface (z - 0) to 

a depth z.  Then by Eq. (16), 

■i 

■i 

G(0) (z - 0) It 
or 

cz 
9t 

[SiÜ  - G(0) 

- - lG(z) - 0(0)]   (19) 

- .— 
■   - —  ■ -     
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where T^z) is the average soil temperature of layer of depth 2 

0(0) S S-R-H-LE is the soil heat flux at the surface z = 0 and 

Involves ground temperature (Tg) of R, H, and LE, and 

dependence 

G(z), (Eq. (18)), is the soil heat flux at depth z. 

However, since we were interested, mainly, in computing the ground 

surface temperature Tg. and also, since our model had no explicit levels 

within the soil, we used Eqs. (18) and (19) to obt£in an equation that 

enabled us to predict T . 
g 

Let us consider a soil layer of 1-cm thickness. Since there is 

considerable uncertainty in defining -surface," particularly on global 

scale, and also because the horizontal grid size of our model is quite 

crude (4» latitude, 5« longitude), we can assume that average soil tem- 

perature for a layer of 1-cm depth approximates the ground surface 

temperature itself.  Thus 

T (1) i T s   '  g 

obtain 
Applying this approximation to Eqs. (18) and (19) at z = 1 cm, we 

..c 
G(l) = /-|- |  • :c + T 

n 3T     T 

and 

9T 
c^= - 3^= - IG(1) - G(0)] = G(0) - G(l) 

Thus we have 

' ^T" =S-R-LE-H 
2 \ w 9t    g   / 

■   ■ 
.^—MM.—te. 
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Cl T^ = S " R " LE " H - /~  (T - f) (20) 

where 

i-(-/1!) 
It may be noted that, except for S, all terms on the right-hand 

side of Eq. (20) are funccions of ground surface temperature T .  Thus 

aT 
'-. ^T ■ F(T ) -S-R-LE-H-y^ r (Tg - T) 

Using the Newton-Raphston technique and appropriate formulations 

for R, LE, and H in F(T ) above. 
g 

.(t+1) S - R - H - LE 
T + 
g 

/¥ (T - f) 

TJ + 4.T^ ♦ c(l + k. GW ^s) + ys 
t     g   H\   c    dT /  / 2 

(21) 

Here ^ = c + > kc/2(. (c being volumetric heat capacity, prescribed as 

0.6) 

= the-mal conductivity (same as In Experiment 1) 

T = average daily surface temperature, assumed same at all depths 

as presciibed In Experiment 4 

• = frequency of os^x1'ation (same as in Experiment 4) 

t = time step of integration = 3U minutes (1/48 day) 

- ■ Stefan-Boltzmann constant = 1.171  10  ly day"1 deg"^. 

Other terms have the same meaning as in the earlier experiments of Sec. 

IV.  The terms on the right-hand side are to be evaluated at time t. 

■ - -- ■ 
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VI.     SUMMARY AND CONCLUDING REMARKS 

In accordance with  the purpose of   this  study, we have  integrated 

the Rand  two-level general  circulation model  to compute the ground 

(bare land)   surface temperature   (Tg)  by  incorporating soil heat  flux 

in  the  heat  balance equation   (Experiments  1  through 3).     We have  also 

computed  Tg  by  taking into consideration  the heat  capacity of  the  soil  as 

well  as  soil   heat  flux   (Experiments 4  and  5).     A comparison of results 

(Table  5)   shows  that  the most  realistic  distribution of T    with respect 

to  the magnitude,   the diurnal  range,  and  the  phase relationships  is  ob- 

tained   in  Experiments 4 and  5.     However,   since  the  formulation  for  Experi- 

ment  5  is more  general  and  can be used   to  compute  the  surface  temperature 

of  a  soil   layer of  finite depth,   it   should be preferred  to  that  of  Experi- 

ment  4,   especially  if one  can  afford  a model  of multiple  soil  levels. 

The   technique  of  Experiment  4  is  considered  adequate  if only  the  inter- 

face  temperature  is required.     Other methods  such as  the  control  ex- 

periment.   Experiment  2  (Gadd  and  Keers,   1970),  and Experiment   3   (Kasa- 

harj and Washington)  are not  realistic;   the  latter  two  involve  extensive 

parameterization of  the  soil  heat  flux.     This  study has also  demonstrated 

Table   5 

COMPARISON OF THE RESULTS OF VARIOUS NUMERICAL EXPERIMENTS 
AT LOCATION B (IN SAHARA REGION) 

Experiment 

Ground Temperature (0C) 

Phase Relationship Between Maximum 
Values of Tg, S, and G 

NOTE; 

Maxima in Tg, S, G occur at same local 
ime 

Maxima in Tg occur 1 hour after maxima 
S and 3 hours after maxima in G 

Tg is ground temperature, S is solar radiation, G is soil heat flux, 



»I1     ■—»«-»««—»—       ■! _■ M i la ■ ii  ii   a  i m       i    i i  _     i   i mai 

-47- 

• good correspondence between the results of numerical experiments and 

the classic analytical solutions. 

We have not considered the temperature of surfaces other than bare 

land.  In order to simulate natural conditions we should also consider 

surfaces which may be covered with ice and/or snow. However, the 

atmospheric model used in this study prescribes a cover of ice and/or 

snow which does not change with time.  Therefore we have not modified 

Eq. (1) for computing ground temperatures of surfaces other than bare 

land. Modifications of these conditions are currently in progress. 

Besides the nature of the cover on the surface, we should also consider 

its other properties such as texture, moisture content, organic matter, 

color, structure, cultivation, and topography. 

The results described in this study are based on only a 48-hour 

integration of the basic circulation model.  Consequcntlv the conclu- 

sions cannot be generalized for long-term integration results. 

Since we have integrated a basic circulation model for different 

experiments after varying only  the formulations for soil heat flux, 

this study presents a valid comparison of the usefulness of different 

methods.  It is felt that the techniques discussed can also be used in 

integrating local atmospheric and soil boundary layer models. 

In recent times, considerable attention has been paid to the study 

of climatic changes and their impact on worldwide economic and social ' 

order.  Though modeling of climatic variation is still in developing 

stages, general circulation models are being used increasingly to study 

shorter period variations.  And recognizing the importance of feedback 

effects of variations of surface temperature on atmospheric pro^sses 

it is essential to be able to compute, among other things, a realistic 

distribution of ground surface temperature.  The technique recommended 

in this report can be useful in this computation. 

^__ 
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Appendix 

AN EXPRESSION FOR HEAT FLUX INTO THE SOIL 

Assuming that soil is homogeneous and that heat flow is in the 

vertical ditection only, the heat conduction equation can be written as 

2 
3T   . 3 T 
^ = 1 (A-1) 3t   c ^ 2 KA '' 

where T is soil temperature, >, is thermal conductivity, and c is volu- 

metric heat capacity. 

Let us assume that at all depths z the temperature varies as a pure 

harmonic function around an average value.  Though crude, this assump- 

tion enables us to approximate the description of actual fluctuations 

caused by the succession of day and night (diurnal) or winter and sum- 

mer (seasonal).  However, this must be modified for natural soil temper- 

atures.  Let us now assume that the temperature at the surface can be 

written as 

T (0,t) = T + AT sin (tut) (A-2) 
3 O 

where  T  is daily average  temperature of  the  soil  assumed  to be  the  same 

at  all  depths,   AT    is  the amplitude  at  the  surface,  and u is  frequency 

of  oscillation and  equals 2>,/(period  of  the wave).     Equation   (A-2)   is 

the boundary condition at  z = 0.     The  solution  of   (A-l)  may be written 

as 

Tjz.t)  = T + AToe"z/d   [sin   (fa*  - z/d)] (A-3) 

where  Ts(z,t)   is  the  soil temperature at  the depth  z and  time  t  and 

d  =   /2>/COJ is  the  depth at which  the amplitude  of  AT    is  insignificant. 
o 

Again,   for an  infinitesimally  thin  soil  layer,   the her.t  flux  into 

the   soil   is given by 

Preceding page blank 

—- ■ ■-■ ■ - —   - —— —  
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G(z,t)   ■  -\ 
9T 
 s 
9z (A-A) 

Combining   (A-3)   and   (A-4), we get 

G(z,t)  -  ATo  y^e"z/d   [sin   (wt  - z/d)  ♦ cos   (cot  - z/d)] (A-5) 

Also,   from Eq.   (A  3)  we obtain 

AToe"z/d  sin   (u*  -  z/d)   - T  {«,t)   - T 

and differentiating, 

3T 
AT e"z/d cos   (^t  - z/d)  =-—■ o co 9t 

Therefore,   by eliminating AT ,  which   is  rarely known accurately,   Eq, 

(A-5)   can be written as 

G(z,t) V   2   [w        St + Tf.(z,t)   - T (A-6) 

or at   z  = 0   (surface) 

G(0 ,t) -^s 1 3T 

— —■ + T     - T u 3t | (A-7) 

where  T    = T   (0,t)   is  the  temperature  at  the  surface, 
6 • 

-            
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