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Abstract: The study was undertaken to generate broad-base data on the
hydrothermal regimes in a Vertisol under Acacia senegal in Al Rawashda
forest, 35 km northeast Al-Gedarif town. The indicators measured for
describing the moisture regime were rainfall, infiltration and evaporation
rates from U.S. Class A pan, soil moisture storage and actual
evapotranspiration. In 1997, the total rainfall was 403 mm, 48% was
received in August and 82% was received in July, August and September.
The soil was fully recharged with moisture during June-September,
depleted and desiccated during October-March and started to rewet in
April-May. The daily evaporation ranged from 2.9 to 5.6 mm in autumn,
7.5 to 13.6 mm in winter and 12.8 to 16.0 mm in summer. The soil
moisture storage was lowest in 14" May and highest in 5t September,
1997. Although rainfall reduced the vapour pressure gradient, it increased
the availability of water to the evaporating site and consequently
increased evaporation. Thus, mean monthly evaporation (Em, mm)
increased significantly (P = 0.05) with increase of mean monthly rainfall
(Rm, mm) as shown by the following power relationship: Em = 1738 Rm
03402 (12 = 0.790). The pooled infiltration rate (IR) as a function of time
for the two sites in three successive months’ best fitted the following
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highly significant mean power relationship: IR= 0.344 t ~**?7 (t* = 0.985).
This equation is recommended for predicting infiltration rate. The steady
state-infiltration rate was 12 mm/hr. Cumulative evaporation (Ec) versus
time (days) relationships were significantly linear in all studied months.
From cumulative rainfall (Rc) and pan evaporation data, a crop
coefficient was calculated. Hourly, diurnal, monthly and seasonal air and
soil temperatures were measured as indicators of the thermal regime in
two successive seasons. In 1997, the mean air temperature was 32.1°C in
summer, 29.1°C in autumn and 23.7°C in winter. The mean soil surface
temperature was 38.0°C in summer, 33.4°C in autumn and 25.2°C in
winter. The daily fluctuations of soil temperature decreased with soil
depth reaching a value of 0.15°C or less at depths > 20 cm. The
maximum, minimum and mean soil temperature versus soil depth data for
all studied seasons yielded highly significant quadratic relationships.

INTRODUCTION

Comprehensive review on soil temperature, interpretation and prediction
was provided by Jackson and Kirkham (1958) and Kirkham and Powers
(1972) among others. Acacia senegal (L.) Willd. is a typical leguminous
tree species of the Sahel spreading from Senegal to the Red Sea. It is a
gum Arabic tree known as "Hashab", and in Sudan, it occurs in the gum
Arabic belt between latitudes 10° and 15° N. In western Sudan, it grows
on stabilized sand (Entisols) under annual rainfall ranging between 280
and 450 mm. In eastern and central Sudan, it grows on Vertisols where
the annual rainfall is 500 or more. In the latter area, it is not found as pure
stand as in western Sudan, but is usually mixed with Acacia mellifera and
Acacia seyal (El Huri 1986, Badi et al. 1989).

In the Sudan, Acacia senegal is grown on both Vertisols and Entisols
under rain-fed conditions. Its production may be constrained by soil,
climate, topography, pest and diseases. Research is essential for
elucidating these constraints and generating methods for alleviating their

36



Hydrothermal soil regime under gum Arabic

adverse effects. Soil temperature is an essential determinant of plant
growth and gum Arabic productivity. It affects directly the life processes
of seeds, plant roots and microbes, especially rihzobium. Furthermore, it
controls the availability of water, nutrients, enzyme activities and
decomposition of organic matter.

The soil moisture regime is governed by the field water cycle, which
begins with infiltration of water in the soil and it continues with its
storage in the soil and ends with its partial removal by surface runoff,
deep percolation, uptake by plant roots and evapotranspiration. Under
rain-fed conditions, the nature and extent of these processes depend upon
rainfall, soil physicochemical properties and management.

The soil thermal regime is determined by environmental and soil factors.
The main environmental factor is the short wave radiation, which is
actually received by the soil surface as affected by latitude, slope, aspect,
insulation by air, dust, clouds, water vapour, and plants or mulch. The
main soil factors include long-wave radiation, soil thermal diffusivity and
biological activity. The soil thermal diffusivity reflects the rate of change
of temperature with time. It is the ratio of the soil thermal conductivity to
its thermal capacity. The soil thermal regime varies continuously due to
variation in global radiation and soil surface conditions. In general,
temperature variation is great on the soil surface and decreases markedly
with soil depth. The soil thermal regime is managed by irrigation,
drainage, shelterbelts, mulching and ridging (Kohnke 1968; Baver et al.
1972; Hillel 1980).

To our knowledge, no research work was conducted in the Sudan to
characterize the soil thermal regime under Acacia senegal or any other
crop. Thus, this study was undertaken to characterize the hydrothermal
regime under Acacia senegal in Al-Rawashda forest.
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MATERIALS AND METHODS

The study was conducted in Al- Rawashda forest, which is located about
35 km north-east of the Gedarif town (Lat. 12°45°-14°30'N and Long.
34°-36°30°E). The selected Acacia senegal stand was about 13 years old
and had a stocking density of 350 trees/feddan (1 fed = 0.42 ha). Two
sites were selected within the stand. The soil was classified as very fine,
smectitic, isohyperthermic Chromustert (Table 1).

Table 1. Some physical and chemical properties of a soil profile in Al-
Rawashda forest under Acacia senegal
Depth  Sand Silt Clay Texture pH ECe SAR
m (%) (%) (%) (dS/m) (mmole+/1)”
0-30 26 26 48 Clay 7.7  0.60 4.6
30-45 24 28 48 Clay 7.6  0.32 2.6
45-90 16 24 60 Clay 79 038 3.0
90-110 22 22 56 Clay 7.6 0.38 2.8
110-150 18 16 66 Clay 8.0 2.20 8.7
150-200 16 20 64 Clay 7.6 130 6.0

Determination of the soil moisture regime

At site A, rainfall was measured by a rain gauge during 28™ April and 10"
October, 1997. Daily pan evaporation measurements were made at 8 a.m.
during a specific period for each season using a standard U.S. Class A
pan. A soil profile was dug and soil clods were collected from the
following successive soil layers: 0-5, 5-10, 10-20, 20-40, 40-60, 60-90,
60-110 and 110-130 cm. Soil bulk density was then determined by the
paraffin wax method applying Archimedes principle. Soil moisture
profiles were determined for site A. On 19 February 1997, 14 May 1997,
9 February 1998 and during the rainy season, the soil moisture content
was determined for samples collected by an auger from the following
depths: 0-5, 5-10, 10-20, 20-40, 40-60, 60-90, and 90-110 cm. During the
rainy season, thirteen soil moisture profiles were determined during the
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period 17 July-9 October. In most cases, soil samples were collected after
a rainfall event. From each soil moisture profile data, the amount of water
stored (Ms, cm) was calculated by he following equation:

Ms =3 ",_; (Mi/100) x BDi x Di

where Mi is the gravimetric moisture content in the i layer, BDi is the
bulk density of the i layer (g/cm?), Di is the soil depth of the i layer
(cm) and n is the number of layers down to 110 cm depth.

The infiltration rate was measured in both sites in winter, summer and
autumn of 1997 using a fabricated double ring infiltrometer with a float
and side manometer (Elbassir 1989; Osman 1999). Daily evaporation
measurements were made during specific periods in winter, summer and
autumn in 1997 and winter in 1998.

Determination of the soil thermal regime

At each site, soil thermometers were placed in the soil profile at the
following depths: 0, 2.5, 5, 10, 20 and 30 cm. Air temperature was also
measured with an ordinary thermometer at 1.5 m above ground level.
Temperature measurements were taken daily at 8 a.m. and 2 p.m. for a
period of one month in the three successive seasons of 1997 and in winter
of 1998. The actual measurement periods in 1997 were 3 February - 8
March (winter), 20 April — 23 May (summer) and 1% July — 11" October
(autumn). Temperature measurements were also made during winter,
1998. For monitoring the diurnal variation of temperature in each site,
hourly measurements were made for one day in each of the studied
seasons. For site A, the measurements were made on 14 to 15 February, 3
to 4 May, and 16 to 17 August 1997 and on 14 to 15 February, 1998. For
site B, the measurements were made one or two days after the
measurements made on site A.
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RESULTS AND DISCUSION

The soil moisture regime

The comprehensive data of the measured indicators of the moisture
regime are presented in Osman (1999). Summary statistics are provided in
this section.

Rainfall 1997

The distribution of monthly rainfall during 1997 season is shown in Fig 1.
The rains started in April and increased gradually with time reaching its
peak in August and declined sharply in September. The total rainfall in
that season was 403 mm; about 18% was received during April — June
and about 82% during July — September. The distribution pattern was
uneven since about 48% was received in August. Thus, the soil was fully
recharged with moisture during June-September, depleted and desiccated
during October-March and started to rewet in April-May. Nearly similar
delineations of soil moisture regimes were identified by Khan (1989) in
Al-Hawata area. The following successive moisture regimes: recharge
(2.5 months), utilization (1 month), restricted moisture (2.5 months) and
deficiency water regimes (6 months) were observed.

Infiltration rate

The measured infiltration rate (IR) data for the two sites in the three
successive months are presented elsewhere (Osman 1999). The data
showed that for each measurement, IR decreased gradually from a
relatively high initial value to a nearly constant steady-state rate (IRs).
The initial infiltration rate varied with site and season, whereas the IRs
was independent of the two variables. Table 2 shows that the data for each
site and month best fitted a highly significant power relationships (atb).
These relationships accounted for more than 94% of the variability of IR.
Previous studies showed that the steady-state infiltration rate is reached
after five hours. Thus, the infiltration rate at 300 min was considered
equal to IRs. It is evident that IRs is nearly independent of site and
month; it is a characteristic of soil. Although 'b' is nearly constant, 'a'
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varies with site and month. Thus, it is possible to use the following
average equation for predicting IR at relatively high t values:

IR = 0.344 t ~ %7

Table 2. The parameters of best-fit power relationships (IR = at®) of the
infiltration rate (IR, cm/min) as a function of time (t, min) (13-

17 pairs of data) for the two sites at different months

Month Site a b r IRs

January A 0269 -0.506 0994  0.015

B 0282  -0.492 0988  0.017

May A 0.386  -0.537 0.995  0.018

B 0381 -0.536 0997  0.018

August A 0.340  -0.532 0.940  0.016

B 0404  -0.561 0.993  0.016

Mean 0.344  -0.527 0985  0.017
C.V. (%) 16.6 4.7 2.2 7.3

ro001 = 0.801; IRs = the steady state infiltration rate calculated from the
power relationships at 300 min.

Evaporation

In February (winter), the evaporation rate (E) ranged from 7.5 to 13.6
mm/day with a mean of 11 mm/day and a coefficient of variation (C.V.)
of 13.2%. The monthly total was 309 mm. Evaporation was highest in
May (summer) ranging from 12.8 mm/day to 16.0 mm/day with a mean of
14.2 mm/day, a C.V. of 5.2% and a monthly total of 439 mm. In July, E
decreased markedly with significant increase in rainfall, ranging from 3.8
mm/day to 7.4 mm/day with a mean of 4.9 mm/day, a C.V. of 18.4% and
a monthly total of 153 mm. In August, when 48% of the annual rainfall
occurred, E was further reduced, ranging from 2.9 mm/day to 5.2 mm/day
with a mean of 3.9 mm/day, a C.V. of 15.1% and a monthly total of 121
mm. In September, E increased due to decrease in rainfall, ranging from
3.4 mm/day to 8.6 mm/day with a mean of 4.9 mm/day and a monthly
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total of 146 mm. The monthly evaporation (Em) was plotted along with
monthly rainfall in Fig. 1.
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Fig. 1. Distribution of monthly rainfall (Rm) and
evaporation (Em) at A-Rawashda forestin 1997

Two factors affect E; namely, the vapour pressure gradient as influenced
by soil temperature and rainfall. Rainfall increases the relative humidity
of the air, reduces the vapour pressure gradient between the soil surface
and the air above it and thus reduces evaporation rate. However, rainfall
increases the availability of water to the evaporating soil surface. The
latter factor seemed to be predominant, resulting in increase in
evaporation with increase in rainfall. The following significant (5% level)
power relationship between monthly total evaporation (Em) and monthly
total rainfall (Rm) was found:

Em = 1738 Rm %42
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Table 3 shows highly significant linear relationship between daily E and
average temperature (Ta). Ta was calculated as the mean daily air
temperature at 8.00 hours and 14.00 hours. Thus, increase in E was
attributed to increase in rainfall and temperature. Temperature is
responsible for providing the latent heat requirement for the evaporation
process.

Table 4 shows that cumulative evaporation (Ec) versus time (days)
relationships were significantly linear in all studied months. The
relationships were almost perfect with an average correlation coefficient
of 0.999. This pattern, unlike the model of hourly evaporation of a
saturated soil column under constant climatic conditions, does not depict
the three characteristic stages; namely, constant-, falling- and slow-
evaporation rates (Hillel 1980). Unlike in the field, the conditions in the
laboratory were well controlled.

Table 3. Summary statistics of temperature and the variables of best-fit
linear regression line (Ec = a + b Ta) of daily evaporation (E,
mm) versus average daily temperature (Ta, °C) in Al-Rawashda
forest at different months

Month Range of Ta Average C.V. a b r
Ta(°C) (%)

February 22.0-31.9  28.1 8.6 - 2.148 0.469 0.613
May 32.0-36.4 34.0 3.6 - 3.874 0.531 0.739
July 29.5-36.5 32.6 51  -9473 0.441 0.635
August 25.5-33.0 30.3 6.5 - 0.281 0.138 0.213
September 29.5 -35.9 32.7 5.1  -13.566 0.564 0.614

To.or (0 = 29) = 0.4563; o001 (n = 29) = 0.5628
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Table 4. Total monthly cumulative evaporation and the data of best-fit
linear regression line (Ec = a + b t) of cumulative evaporation
(Ec, mm) as a function of time (t, day) in Al-Rawashda forest at
different months

Month Total Ec a b r
(mm)

February 309 -1.118 11.270 0.999

May 439 0.462 14.153 1.000

July 153 3.901 4.721 0.999

August 121 2.268 3.837 0.999

September 146 -7.318 4.947 0.990

10.01 (Il = 29) = 0.4563; 10.001 (Il = 29) =0.5628

Soil moisture storage

The soil moisture profile was driest in May (summer) and wettest in
August, the peak of autumn. In May and February, the moisture content
was lowest at the surface and increased with depth reaching a nearly
constant value at 30 cm depth. In July, August and September, the
moisture content was highest at the surface and decreased with depth
reaching a nearly constant value at 30 cm. Table 5 shows a summary of
the soil moisture regime at Al-Rawashda forest in the studied period.

Table 5 shows the seasonal variation of soil moisture regime. The
increase in cumulative rainfall (Rc) from May to mid-July was very high
resulting in substantial increase in the amount of water stored. The water
stored (Ms) in the soil profile varied with month and date within each
month depending on total rainfall received and evaporation. As the rainy
season progressed, both Rc and pan evaporation (Ep) increased; and
during the period 25 July to 5 September the water stored (Ms) fluctuated
around a relatively high value. From 5 September onwards, evaporation
increased steeply while rainfall remained nearly constant resulting in
lowering of Ms.
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By 1* October, Rc was 403.1 mm and Ep was 420.8 mm resulting in a net
Ms value of 236.0 mm. From 17 July to 1* October, Rc was 329.1 mm,
out of this a net of 50.8 mm was stored in the soil profile and 278.3 mm
was actually lost from the soil profile by evaporation. A 'crop' coefficient
for the pan data may thus be calculated as follows:

ETa/Ep =278.3/420.8 = 0.66.

Table 5. Soil moisture regime under Al-Rawashda forest during the study
period in 1997

Month Date Ms AMs R Rc Ep

February  19/2 120.4 0.0 0.0 0.0 216.6

April 7.5 7.5

May 14/5 102.4 18.0 13.2 20.7
19/5 6.5 27.2 311.7

June 46.8 74.0

July 17/7 185.2 82.8 60.0 134.0 84.2
21/7 191.0 5.8 9.5 143.5 101.0
25/7 258.7 67.7 0.0 143.5 121.7

August 6/8 276.6 17.9 35.0 178.5 179.1
9/8 266.0 -10.6 28.0 206.5 191.6
12/8 248.8 -17.2 0.0 206.5 202.6
18/8 274.3 25.5 60.0 206.5 266.3
27/8 274.3 72.0 266.5 259.7

September 5/9 281.8 7.5 433 338.5 295.2

13/9 2324 -49.4 10.0 381.8 328.2
21/9 251.9 19.5 0.0 391.8 369.6
October 1/10 236.0 -15.9 11.3 391.8 420.8

Ms = water stored; R = rainfall; AMs = the difference in the amount of water stored in
the soil profile; Ep = pan evaporation; from July to October, the Ep is the
cumulative evaporation.

The thermal regime

The comprehensive hourly and daily air and soil temperature data
collected for both sites and the studied seasons of 1997 and 1998 as well
as some pertinent statistical parameters are reported elsewhere (Osman
1999).
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Winter season

Table 6 shows that the mean temperature did not vary greatly between
sites and seasons. The C.V. was highest at the surface (5.1%) and lowest
at 30 cm. (0.3%). The C.V.s of the maximum soil temperatures were low,

ranging from 0 at 30 cm. to 4.1 at 10 cm. However, the C.V.s for the
minimum soil temperatures were higher, ranging from 2.2 at 20 cm to
12.2 at 10.0 cm. The mean and minimum air temperatures were lower
than the corresponding soil temperatures at all depths. However, the
maximum air temperature was lower than the soil temperature at 0, 2.5,
5.0 and 10 cm, but higher than those at 20 and 30 cm. The overall
average maximum soil temperature increased from 35.4 °C at the surface,
reaching a maximum value (38.3°C) at 10 cm depth, dropped to 28.8 °C
at 20 cm and then levelled at lower depths. The trend line depicted the
following highly significant (P = <0.001) quadratic relationship between
soil temperature and depth:

Ts =-0.0087 Z* — 0.0533 Z + 36.888 (> =0.7228)
where Ts is the soil temperature in °C and Z is the soil depth in cm.

The overall mean soil temperature increased steadily from 26°C at the
surface reaching 30.3°C at 10 cm depth, decreased to 28.3°C at 20 cm and
levelled off at lower depths. The trend line depicted the following
significant (P = 0.05) Ts versus Z relationship:

Ts=-0.0111 Z*+0.3627 Z + 26.901 (r* = 0.5652)

The overall mean minimum soil temperature increased steadily with depth
from 17.2°C at the surface to 27.8°C at 20 cm and then levelled off. The
trend line depicted the following highly significant (P< 0.001) quadratic
Ts versus Z relationship:

Ts=-0.0129 7>+ 0.7085 Z + 17.976  (i* = 0.9476)
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Table 6. Summary statistics of mean daily temperatures in °C, average
(Avg.), maximum (Max.), and minimum (Min.) of sites A and
B in the winter seasons of 1997 and 1998

Soil depth (cm)

Statistic Year/Site Air 0 25 5 10 20 30

Mean 1997 A 234 247 270 287 29.6 283 30.0
B 245 27.0 287 30.1 31.8 284 284

1998 A 235 249 272 284 29.0 282 282

B 246 272 288 294 30.6 283 283

Avg. 240 26.0 279 292 303 283 283
S.D. 0.6 13 10 08 12 01 0.1
C.V. (%) 27 51 34 26 41 03 03
Max. 1997 A 329 347 359 376 369 287 28.7
B 33.0 360 367 38.0 39.6 288 28.7

1998 A 329 347 359 376 369 287 28.7

B 33.0 360 36.7 38.0 39.6 288 28.7

Avg. 33.0 354 363 37.8 383 288 28.7
S.D. 01 08 05 02 16 01 00
C.V. (%) 02 21 13 06 41 02 0.0
Min. 1997 A 158 162 21.0 23.6 251 28.0 28.1
B 150 16.1 200 230 240 28.1 282

1998 A 158 162 21.0 21.8 214 269 2638

B 15 181 20.0 20.0 19.0 27.1 269

Avg. 154 172 205 221 224 275 275
S.D. 05 1.1 06 16 27 06 08
C.V. (%) 30 64 28 72 122 22 27
Amplitude* 1997 A 95 100 89 &89 73 04 03
B &5 90 80 79 78 04 03

1998 A 94 98 &7 92 79 05 05

B 84 88 79 86 90 05 04

Avg. 90 94 84 &7 80 05 04
S.D. 05 05 04 05 06 01 0.1
C.V. (%) 56 54 52 56 7.8 11.1 22.1

* Amplitude = It is the amplitude of the temperature wave = Max. — Avg.
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Fig. 2 depicts the average sinusoidal air and temperature profiles of the
two sites in the two winter seasons measured in February. The air
temperature was 22.2 at 1 a.m. and then decreased with increase of time
reaching a minimum value of 15.4°C at 6 a.m.; afterwards; it increased
steadily with increase of time reaching 24.9°C at 11 a.m. and a maximum
value of 33°C at 15.00 hrs. It progressively decreased with time reaching
23.3°C at 24.00 hrs.
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Fig.2. Average diurnal variation of air and soil temperature
profile under Al-Rawashda forest of the two sites and the
two winter seasons

At the surface, the soil temperature was 25.1°C at 1 a.m., decreased with
increase of time reaching a minimum value of 17.6°C at 6 am. At 11
a.m., it reached 25.5°C, nearly equal to that of air, and it continued to
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increase reaching a maximum value of 35.4°C at 15.00 hrs. Afterwards, it
decreased with time reaching 24.6°C at 24.00 hrs.

At 1 a.m., the soil temperature was 25.8°C at 10 cm. It decreased with
increase of time reaching a minimum value of 24.6°C at 6 a.m. At 7 a.m.,
it reached 25.8°C, which was higher than that at the surface, and it
continued to increase reaching a maximum value of 38.3°C at 15.00 hrs.
Afterwards, it decreased with time reaching 29.5°C at 24.00 hrs.

At 20 and 30 cm, the soil temperature profiles were similar. The soil
temperature at both depths ranged from 27.6°C to 28.8°C with a mean of
28.3°C and CV of 1.2%.

The amplitude of the air and soil surface temperature was greater than
those at 2.5, 5 and 10 cm depth. They were very low at deeper depths.

Summer season 1997

The means of the daily temperature measurements for both sites in May
1997 and August 1997 are presented in Tables 7 and 8, respectively. It is
evident that the mean temperature did not vary greatly between sites and
seasons. The C.V. was highest at a depth of 5 cm (6.0%) and lowest at 30
cm. (0.8%). The C.V.s of maximum soil temperatures were relatively
higher, ranging from 1.4 at 30 cm. to 10.0 at the soil surface. However,
CVs for the minimum soil temperature were relatively lower ranging from
0.4 at 20 cm to 8.8 at 5.0 cm. In general, the average and minimum air
temperatures were lower than the soil temperature at all depths, whereas
the maximum air temperature was lower than the soil temperatures at 0,
2.5 and 5 cm depths but higher than the soil temperatures at 10, 20 and 30
cm. The overall maximum soil temperature decreased steadily from
53.1°C at the surface to 34.7°C at 20 cm and levelled off thereafter. The
trend line depicted the following highly significant (P = <0.001) quadratic
Ts versus Z relationship:

Ts=0.0389 Z> — 1.768 Z + 53.119 (r* = 0.9816)
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Table 7. Summary statistics of mean daily temperatures in °C, average
(Avg.), maximum (Max.), and minimum (Min.) of sites A and B
in May 1997 (Summer)

Soil depth (cm)
Statistic ~ Site Air O 2.5 5 10 20 30
Mean A 327 365 36.8 36.0 33.7 342 342
B 331 397 394 392 352 346 34.6
Avg. 329 38.1 381 376 345 344 344
STD 0.3 2.3 1.8 2.3 1.1 0.3 03
C.V. (%) 0.9 59 4.8 6.0 3.1 0.8 0.8
Max. A 41 493 48.0 43.6 37.0 343 343
B 44 56.8 506 480 38.0 350 350
Avg. 425 531 493 458 37.5 347 347
STD 2.1 53 1.8 3.1 0.7 0.5 0.5
C.V. (%) 50 10.0 3.7 6.8 1.9 1.4 1.4
Min. A 244 24 26 26,5 314 34 34
B 242 26 27.8 30.0 323 342 342
Avg. 243 25 269 283 319 341 34.1
STD 0.1 1.4 1.3 2.5 0.6 0.1 0.1
C.V. (%) 0.6 5.7 4.7 8.8 2.0 04 04
Amplitude A 83 128 112 176 33 0.1 0.1
B 109 170 112 8.8 2.8 04 04
Avg. 9.6 15 11.2 8.2 3.1 0.2 0.2
STD 1.8 3.0 0 0.8 04 0.2 0.2
C.V. (%) 192 203 O 103 11.6 849 84.9

* Amplitude = It is the amplitude of the temperature wave = Max. — Avg.
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Table 8. Summary statistics of mean daily temperatures in °C, average
(Avg.), maximum (Max.), and minimum (Min.) of sites A and B
in August 1997 (Autumn)

Soil depth (cm)
Statistic Site Air O 2.5 5 10 20 30
Mean A 292 336 302 303 306 300 30.1
B 295 323 305 300 294 303 303
Avg. 294 330 304 302 300 302 302
STD 0.2 09 0.2 0.2 0.8 0.2 0.1
C.V. (%) 0.7 2.8 0.7 0.7 2.8 0.7 0.5
Max. A 35,0 48.7 380 364 327 303 307
B 369 450 39.1 339 313 305 304
Avg. 360 469 386 352 320 304 306
STD 1.3 2.6 0.8 1.8 1.0 0.1 0.2
C.V. (%) 3.7 5.6 2.0 5.0 3.1 0.5 0.7
Min. A 22.1 226 23.1 237 270 29.8 30.0
B 230 224 219 248 268 30.1 302
Avg. 226 225 225 243 269 300 30.1
STD 0.6 0.1 0.8 0.8 0.1 0.2 0.1
C.V. (%) 2.8 0.6 3.8 3.2 0.5 0.7 0.5
Amplitude A 58 15.1 7.8 6.1 2.1 0.3 0.6
B 7.4 12.7 8.6 39 1.9 0.2 0.1
Avg. 6.6 139 8.2 5.0 2.0 0.3 04
STD 1.1 1.7 0.6 1.6 0.1 0.1 04
C.V. (%) 17.1  12.2 69 31.1 7.1 283 101.0

* Amplitude = It is the amplitude of the temperature wave = Max. — Avg.

The overall mean soil temperature decreased steadily from 38.1°C at the
surface reaching 34.4°C at 20 cm depth and levelled off thereafter. The
trend line depicted the following significant (P< 0.05) quadratic Ts versus
Z relationship:

Ts= 0.0089 Z* — 0.4041 Z + 38.618 (r* = 0.8866)
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The overall minimum soil temperature increased steadily with depth from
25°C at the surface to 34.1°C at 20 cm and then levelled off. The trend
line depicted the following highly significant (P< 0.001) quadratic Ts
versus Z equation:

Ts=-0.0162 Z>+0.7458 Z+ 26219  (1* = 0.9898)

Fig. 3 shows the average sinusoidal air and temperature profiles of the
two sites in May, 1997. The air temperature was 28.7 at 1 a.m. and it
decreased with increase of time reaching a minimum value of 24.6 °C at 5
a.m.; afterwards, it increased steadily with increase of time reaching
30.0°C at 9 am. and a maximum value of 42.5°C at 14 hrs. It
progressively decreased with time reaching 29.8°C at 24.00 hrs.
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Fig. 3. Average diurnal variation of mean soil temperature of
the two sites under Al Rawashda forest in May 1997
(Summer)

At the soil surface, the temperature was 32.0°C at 1 a.m., decreased with
increase of time reaching a minimum value of 25.0 °C at 5 a.m. At 9 a.m.,
it reached 32.2°C, higher than that of air, and it continued to increase
reaching a maximum value of 53.1 °C at 15.00 hrs. Afterwards, it
decreased with time reaching 35.0°C at 24.00 hrs.
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At 1 a.m., the soil temperature was 33.4 °C at 10 cm. It decreased with
increase of time reaching a minimum value of 31.9 °C at 6 a.m. At 11
a.m., it reached 34.5 °C, which was nearly equal to that of air and the soil
at 20 cm and 30 cm, and it continued to increase reaching a maximum
value of 37.5 °C at 16.00 hrs. Afterwards, it decreased with time reaching
33.7 °C at 24.00 hrs.

At 20 and 30 cm, the soil temperature profiles were similar. The soil
temperature at both depths ranged from 34.2°C to 34.7 with a mean of
34.4°C and an average CV of 0.45%.

The amplitude of the soil temperature wave decreased with increase of
soil depth ranging from 15 at the soil surface to 0.2 at 20 and 30 cm
depth.

Autumn 1997

The means of the daily temperature measurements for both sites in
August 1997 are presented in Table 8. It is evident that the mean
temperature did not vary greatly between the two sites. The C.V. ranged
between 2.8, at the soil surface and at 10 cm, and 0.5 at 30 cm. The CVs
of maximum soil temperatures were higher, ranging from 5.6 at the soil
surface and 0.5 at 20 cm. The C.V.s for the minimum soil temperatures
were also lower than those of the mean values and they ranged from 3.8 at
2.5cmto 0.5 at 30 cm.

In general, the average air temperature was lower than that of the mean
soil temperature at all depths. The average minimum air temperature was
similar to the soil temperature at the surface and 2.5 but lower than the
soil temperature at other soil depths. The average maximum air
temperature was lower than the soil temperatures at 0, 2.5 depths but
higher than the soil temperatures at other soil depths. cm. The overall
maximum soil temperature decreased steadily from 46.9°C at the surface
to 30.4°C at 20 cm and levelled off thereafter. The trend line depicted the
following highly significant (P = <. 0.01) quadratic Ts versus Z
relationship:
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Ts =0.0376 Z* — 1.547 Z + 44.048 (r* = 0.893)

The overall mean soil temperature showed a slight decrease from 33.0 at
the surface to 30.4°C at 2.5 cm and nearly levelled off at lower depths.
The trend line depicted the following quadratic Ts versus Z relationship:

Ts =0.0072 Z*> - 0.2626 Z + 31.913 (r* = 0.5672)

The overall minimum soil temperature increased steadily with depth from
22.5°C at the surface to 30.0°C at 20 cm and then levelled off. The trend
line depicted the following highly significant (P< 0.001) quadratic Ts
versus Z relationship:

Ts=-0.0112 2>+ 0.6176 Z+21.763  (1*=0.9785)

Fig. 4 shows the average sinusoidal air and temperature profiles of the
two sites in August,1997. The air temperature was 26.1 at 1 a.m. and it
decreased with increase of time reaching a minimum value of 22.6 °C at 5
a.m.; afterwards, it increased steadily with increase of time reaching 30.0
°C at 11 a.m. and a maximum value of 36.0 °C at 15 hrs. It progressively
decreased with time reaching 27.6 °C at 24.00 hrs.

At the soil surface, the temperature was 27.0 °C at 1 a.m., decreased with
increase of time reaching a minimum value of 23.7 °C at 4 a.m. At 8 a.m.,
it reached 27.0 °C, equal to that at the surface, and it continued to increase
reaching a maximum value of 46.9 °C at 15 hrs. Afterwards, it decreased
with time reaching 27.7 °C at 24.00 hrs.

At 1 a.m., the soil temperature was 30.2°C at 10 cm. It decreased with
increase of time reaching a minimum value of 27.7°C at 6 a.m. At 12
a.m., it reached 30.3°C, and it continued to increase reaching a maximum
value of 31.8°C at 15 hrs and 31.9 at 16 hrs. Afterwards, it decreased with
time reaching 30.2 °C at 24.00 hrs.
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Fig 4. Average diurnal variation of soil temperature of the two
sites at different soil deths under Al-Rawashda forestin August
1997 (Autumn)

At 20 and 30 cm, the soil temperature profiles were similar. The soil
temperature at both depths ranged from 30.5°C to 30.1 with a mean of
30.1°C and an average C.V. of 0.25 %.

The amplitude of the soil temperature waves decreased with increase of
soil depth ranging from 13.9 at the soil surface to 0.3 at 20 and 0.4 at 30
cm depth (Table 3).

Diurnal variation of soil temperature

In general, the C.V. of the soil surface was slightly lower than that of the
air in winter, but higher than that of the air in summer and autumn. The
C.V. of the soil temperature showed highly significant (P < 0.001)
quadratic decrease with increase of soil depth. For example for the month
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of May (summer), the C.V. value at any depth may be predicted from the
following equations:

C.V.=0.0458 Z* —2.1712 Z + 24.607 (r* = 0.9866)

It is fortunate that in all seasons, the fluctuation of soil temperature at
lower depths, where the maximum root density occurs, is very small.
Thus, the crop at the germination stage may be subjected to relatively
higher soil temperature fluctuation. However, at a later stage when the
root system reaches > 20 cm, the soil temperature remains almost
constant. This fact is an essential consideration when breeding crops for
temperature tolerance.
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