
Almond orchard north of Chico which was 
site of ground cover experiments. 

Ground cover height affects 
orchard floor temperature 
R. L. Snyder o Joseph H. Connell 

Ground covers can affect the balance of 
heat between soil and air during radiation 
freezes in orchards; their careful manage- 
ment, therefore, can provide protection. 
During daylight, shortwave (solar) radia- 
tion strikes the ground and some energy is 
stored in the soil and in floor vegetation. A 
portion of this is emitted at night as long- 
wave (terrestrial) radiation. When less 
heat is stored in the soil during the day, 
less is available for release at night. As a 
result, orchard air temperatures are low- 
ered and the potential for freeze damage 
increases. 

Energy relationships in orchards 
Temperature decreases at night, de- 

pending on heat flux density (heat transfer 
per unit area per unit time) to and from an 
orchard. The units of heat flux density are 
watts per square meter (W m-2). Figure 1 
shows a heat flux density balance mea- 
sured within a Texas citrus grove on Feb- 
ruary 23-24,1968 during a radiation 
freeze. A similar balance is likely in an al; 

mond orchard. Radiation freezes are char- 
acterized by calm winds and clear skies. 

The main components of heat or en- 
ergy transfer during a radiation freeze in- 
clude (1) upward long-wave radiation, (2) 
downward long-wave radiation, (3) air-to- 
crop heat transfers, and (4) soil-to-crop 
heat transfers. Positive heat flwc represents 
a gain by an orchard; negative flux repre- 
sents heat loss. During a typical radiation 
freeze night, more heat leaves an orchard 
through upward long-wave radiation than 
is gained by downward radiation, air-to- 
crop heat transfer, and soil-to-crop heat 
transfer combined. Net loss is approxi- 
mately 18 W m-2. Changing weather dur- 
ing the night affects heat flw, net heat 
loss, and the rate temperatures fall. 

Radiation. Nighttime radiation loss 
from a crop to the sky decreases slowly 
during the night as surfaces cool. Loss de- 
pends mainly on the temperatures of the 
crop and soil. Downward radiation from 
the sky depends on the effective sky tem- 
perature and can change considerably 

pre-dawn 

When pre-dawn temperatures of 
bare soil and ground covers were 
measured in a Northern California 
almond orchard, bare soil was gen- 
erally found to be the warmest; 
however, after several days of low 
solar radiation and strong, dry 
winds, ground cover surfaces were 
found to be warmer. This finding 
was attributed to the drying of the 
surface soil crust which can re- 
duce soil heat transfer to and from 
moist layers below. Wetting dry 
soil after an episode of dry winds 
restores the soil's ability to store 
heat during the day and to release 
it at night. 
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with formation of clouds or fog, which are 
warmer than clear sky. Downward radia- 
tion increases because the clouds or fog 
are warmer than a clear sky. Conse- 
quently, the downward long-wave radia- 
tion into an orchard is greater during 
cloudy or foggy weather, thereby reducing 
net heat loss and slowing or stopping tem- 
perature drops. 

Air-to-crop transfers. The air‘s heat 
content is an added source of energy to or- 
chards. When air temperature is higher 
than crop temperature, heat is transferred 
from air to crop. During most freeze 
nights, transfer of heat from air to crop is 
enhanced by increased wind speed. Tem- 
perature typically increases with height 
above the ground during a radiation 
freeze and increasing wind speed mixes 
warm air aloft with colder air near the sur- 
face. This supplies additional heat from air 
to crop and decreases the rate of cooling 
within the orchard. 

Soil-to-crop transfers. A soil‘s ability 
to transfer and store heat determines soil 
temperature changes and heat flux to and 
from the surface. Most heat exchange oc- 
curs at the soil surface; the greatest daily 
and annual variations in temperature are 
therefore at the soil surface. The range of 
temperature variations decreases with soil 
depth; daily, there is little change below 30 
cm deep. 

Moist soils are more capable than dry 
soils of transfering and storing heat, so 
more heat from daytime solar radiation is 
stored deeper in moist soil. The result: Soil 
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Fig. 1. Heat flux densities within a citrus 
grove are depicted during a radiation freeze 
February 23-24,1968 in Weslaco, Texas. 
(Reported by T. R. Mee, Mee Industries, 
Inc., San Gabriel, California, 1979.) 

surface temperature varies less and the 
daily minimum temperature of moist soil 
is higher than for a dry soil. A warmer soil 
surface supplies more heat to the orchard 
because the air in contact with the soil is 
warmed and there is greater surface radia- 
tion to the sky and trees. Consequently, 
there is more heat transfer from soil to 
crop when the soil surface temperature is 
warmer. 

Orchard floor vegetation affects day- 
time heat balance and heat storage in the 
soil. More solar radiation is reflected from 
a green vegetative surface than from dark, 
bare soil, so ground cover reduces day- 
time absorption. Some energy is absorbed 
and stored by vegetation, but vegetation 
has less capacity for storage than does soil. 
Without ground cover, more radiation 

reaches the soil where the absorption, 
transfer, and storage of heat are better. 

of heat flux from air to crop and from soil 
to crop on a typical radiation freeze night. 
Heat flux from air to crop can fluctuate 
considerably at night, depending on wind 
speed and temperature inversions. Heat 
flux from soil to crop is less responsive to 
weather changes during the night, but 
proper floor management can increase the 
heat flwc density enough to protect a crop 
from freeze damage during dry, calm con- 
ditions. 

Fog’s effects. Both clouds and fog for- 
mation increase downward long-wave ra- 
diation and reduce the net loss of heat 
from an orchard. However, fog also re- 
leases latent heat to the environment when 
the water vapor condenses. In response to 
fog, orchard temperatures have been ob- 
served to rise a few degrees and to remain 
relatively stable for the rest of the night. 

Effects of dew or frost. Formation of 
dew or frost on the orchard floor slows the 
drop in air temperature because the con- 
densation releases stored latent heat to the 
environment. Considerable heat is re- 
leased when dew or frost forms and that 
heat replaces some of the net heat loss. 
Dew or frost forms at higher air tempera- 
tures on nights when the vapor content of 
the air is high, so freeze damage is less 
likely on nights with a high humidity 
(high dewpoint temperature). 

Advection freezes. In advection 
freezes, the temperature often continues to 
drop, even with strong winds, because 
cold air is blowing into the orchard and re- 
placing warmer air that was there previ- 
ously. The advected air is cooler than air it 
replaces, so heat flux from the air to crop is 
reduced. If the air is colder than the trees, 
the heat flux can be from the crop to air 
(that is, the air-to-crop heat flux is nega- 
tive). Advection freezes typically have 
greater net heat loss than do radiation 
freezes, and air temperature may drop 
rapidly when the wind blows. 

Figure 1 illustrates the relative amounts 

Orchard floor management 
Orchard floor management options 

that can be employed to reduce the poten- 
tial for freeze damage include mowing the 
ground cover or using herbicides to slow 
growth or kill the cover. On the other 
hand, ground covers can benefit tree crops 
because they provide habitats for benefi- 
cial insects, add organic matter to the soil, 
improve water infiltration, reduce dust, 
and minimize soil compaction and ero- 
sion. Although ground covers are often 
considered detrimental to freeze protec- 
tion, their benefits may be worth consider- 
ing in managing orchard floors. 

10 CALIFORNIA AGRICULTURE, VOLUME 47, NUMBER 1 



Although the effects of ground cover 
management on daily minimum tempera- 
tures are, theoretically, well understood, 
the actual effects on daily minimum tem- 
peratures afforded by different manage- 
ment styles are not well known. Most pro- 
tection values given in the literature are 
based on testimonials rather than on care- 
ful measurements. The difficulty occurs 
because small changes in radiation bal- 
ance, heat transfer from the air, and latent 
heat transfer from dew or fog can easily 
mask differences due to floor manage- 
ment. However, orchard floor manage- 
ment can occasionally make the difference 
between freeze damage and little or no 
damage. 

Microclimate effects 
Air temperatures within an orchard 

vary because the microclimate is complex. 
The authors have observed air tempera- 
ture differences as large as 2.7"F (1.5"C) 
within a small, uniformly managed, al- 
mond orchard. These natural variations 
may be due to cold air drainage or edge ef- 
fects as air from outside flows into and 
mixes with air inside the orchard. The 
natural temperature variations are similar 
in magnitude to the expected tempera- 
ture effects from ground cover manage- 
ment. 

An extensive treatment area must be 
used to assess the effects of ground cover 
treatments on air temperature. Treatments 
applied to large areas are likely, however, 
to differ in temperature due to natural fac- 
tors other than ground cover height. These 
differences may mask the treatment ef- 
fects. On the other hand, if treatments are 
applied to small areas with uniform mi- 
croclimates, the area may be too small for 
the ground cover treatments to influence 
air temperature. This dilemma can be 
solved by replicating ground cover treat- 
ments within a small, uniform microcli- 
mate and measuring surface rather than 
air temperature. Air temperawe is highly 
correlated with surface temperature and 
treatment effects should be reflected in air 
temperature when the ground cover man- 
agement covers a larger area. During ra- 
diation freeze nights, wind speeds are 
typically light, so the influence of limited 
treatment area on surface temperatures 
should be small. 

The present study 
To gain insight into the freeze protec- 

tion afforded by different ground covers, 
experiments were conducted in an almond 
orchard during the winters of 1987,1988, 
and 1989. The objectives were to deter- 
mine (1) whether ground vegetation 
height affects pre-dawn orchard floor tem- 

mean of measurements taken in both east- 
erly and westerly directions was analyzed. 
Because there was little difference in mea- 
surements taken in easterly or westerly di- 
rections, the IR thermometer was aimed 
only in an easterly direction in 1989. 

Results 
-10 I To obtain information on conditions 
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Fig. 2. Orchard floor surface temperatures 
were measured with an infrared thermom- 
eter over (1) bare soil, (2) mowed 2-inch 
(50-mm) ground cover, (3) uncut 6- to 12- 
inch (150- to 300-mm) ground cover, and (4) 
mowed 4-inch (100-mm) ground cover 
(1987 only). Only days with ANOVAs indi- 
cating treatment differences at P c0.05 level 
were included. LSDs in "C at the 0.05 level 
are indicated for each date. 

peratures and (2) whether tree foliage 
growth lessens the importance of ground 
covers in providing freeze protection. 

Experiments were conducted in an al- 
mond orchard north of Chico. Each 8-m x 
8-m plot was located in the middle of four 
trees. In 1987, the experiment was ar- 
ranged in a latin square design (four rows 
and four columns). Cover treatments were 
(1) uncut with heights between 6 to 12 
inches (150 and 300 mm), (2) mowed to 4 
inches (100 mm), (3) mowed to 2 inches 
(50 mm), and (4) bare soil. In 1988 and 
1989, a randomized complete block design 
with six blocks and three treatments 
within a block was employed. The three 
treatments were (1) uncut, (2) mowed to 2 
inches, and (3) bare soil. 

In the bare ground treatment, Roundup 
was sprayed to kill the resident vegetation 
(annual bluegrass, chickweed, and filaree). 
Residual material was raked from bare soil 
plots. Care was taken to measure floor 
temperature where the ground cover was 
closest to the desired treatment height. 
When the ground cover was wet and floor 
temperature was below 32°F (O"C), walk- 
ing was permitted only on the edge of a 
plot to minimize ice formation. Ground 
cover heights were noted throughout the 
trials, but slow growth resulted in little 
change in height during the period of ob- 
servation. 

Floor temperature was measured using 
a hand-held infrared (IR) thermometer 
sensitive in the range of 8 to 14 pm and the 
emissivity set at E = 0.98 (the E value is 
typical of wet soil and vegetation). The IR 
thermometer view angle was 5" and it was 
always aimed at 45" from vertical. Read- 
ings were taken just before sunrise when 
the floor temperature is likely to be near 
the daily minimum. In 1987 and 1988, the 

preceding measurements, daily weather 
data on and for a few days preceding mea- 
surements were gathered (table l). Vari- 
ances in floor temperatures were com- 
puted for each date, using the testing 
hypothesis that ground cover heights af- 
fect floor temperature. On most nights 
when measurements were taken, the treat- 
ments sigruficantly affected floor tempera- 
ture (table 2). 

Figure 2 illustrates the mean floor tem- 
peratures by treatment for dates with P < 
0.05 in table 2. Least sigruficant differences 
(LSDs) at the P = 0.05 level are indicated 
for each date. Floor temperatures below 
32°F @"C) occurred only on measurement 
dates in 1987, but treatment effects on 
measured floor temperatures above 32°F 
are still informative. On all dates but Janu- 
ary 14,1987, bare soil was sigruficantly 
warmer than the treatments with ground 
cover. On two dates, the uncut ground 
cover was sigruficantly colder than the 
other treatments. After the cover attained 
or exceeded a height of 2 inches, however, 
there seemed to be little or no difference in 
pre-dawn floor temperatures. 

The difference noted on January 14 
may be attributed to weather before the 
measurement night (table 1). Solar radia- 
tion was low on January 11 and 12 fol- 
lowed by dry, windy conditions January 
13. The wind continued during the night 
of January 13-14 and died down just be- 
fore temperatures were recorded. It is 
likely that the bare soil's surface crust was 
desiccated by the drying winds. A drier 
soil crust may have reduced thermal con- 
ductivity and impeded transfer of heat to 
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deeper soil layers, resulting in less soil 
heat storage. Drying winds can also re- 
move water from ground cover plots, but 
the water is extracted by the roots from 
deeper in the soil. In that case, the surface 
crust is less likely to be desiccated and 
heat transfer to deeper layers is less af- 
fected. 

a dry soil crust is less than E = 0.98 used 
with the IR thermometer. If E was less 
than 0.98, the bare soil temperature mea- 
sured with the IR thermometer would be 
inaccurate (that is, higher than the actual 
surface temperature). For each 0.01 de- 
crease in the E setting, IR thermometer 
measured temperature is increased by ap- 
proximately 1.3"F (0.7"C). Although this 
may partially explain the colder bare soil 
January 14, wetting the soil after several 
days of strong drying winds is still recom- 
mended. 

H. B. Hanson of the National Weather 
Service reported in the 1950s that ground 
cover management became less important 
as tree foliage developed. This was attrib- 
uted to increased daytime shading of the 
orchard floor by tree foliage. Data from 
April 14,1989 show, however, that bare 
ground was approximately 5.4"F (3°C) 
warmer than the vegetated floor, even 
with 40% ground shading by tree foliage. 

Conclusions 

It is also possible that the emissivity of 

The results presented here confirm that 
pre-dawn floor temperatures in an almond 
orchard are likely to be highest when the 
floor is bare of vegetation. There seems to 
be little difference in the effect of ground 
cover height on pre-dawn surface tem- 
perature when the ground cover is 2 
inches (50 mm) or taller. Orchard floor 
management affects freeze protection at 
least until trees attain 40% ground shad- 
ing. Following several days of low solar 
radiation and drying winds, bare soil may 
be colder than soil with a ground cover, a 
common occurrence in California. Dry soil 
surface layers, therefore, should be 
rewetted, if possible, after windy periods 
to improve soil heat transfer and storage. 
When freezing temperatures are pre- 
dicted, rewet the soil a day or two before 
the freeze night. 
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Dupuit-Forch heimer 
approximation may 

underestimate groundwater 
flow to San Joaquin River 

Mark E. Grismer 0 

Based on the commonly used 
Dupuit-Forchheimer approxima- 
tion, estimates of groundwater 
contributions to flows in the San 
Joaquin River may be too low. 
Why? Because the vertical ground- 
water flows through the base of the 
channel have been neglected in es- 
timates. Scientists found that flows 
have been underestimated by as 
much as 25%; such flows may de- 
grade river water quality more than 
anticipated. The findings suggest 
the need to closely monitor sub- 
surface runoff. A new look at the 
estimates is important to the devel- 
opment of water/salinity manage- 
ment plans. 

For several years, as part of an analysis of 
the San Joaquin River's water quality, 
groundwater flow models were developed 
to measure the amount of groundwater 
entering the river along a 60-mile reach 
from Lander Avenue in Merced County to 
Vemalis in Stanislaus. Although ground- 
water flows to the river are relatively 
small, compared with the total river flows 
(California Agriculture, November-Decem- 
ber 1987), their contributions of salt, boron, 
and other trace elements could be signifi- 
cant. Information about these contribu- 
tions is needed to develop a basin water 
plan and water/salinity management 
plans. 

In refining techniques used in the river 
water quality model, errors in estimating 
groundwater flow to the river were found 
and traced to an uncertainty in estimating 
monthly groundwater recharge to the land 
areas up to 2 miles distant on either side of 
the river, and correct parameterization of 
the hydraulic conductivity or permeability 
of the shallow groundwater zone. After 
improving our data base, we found that 
groundwater flow estimates, based on the 

Elias A. Rashmawi 

Dupuit-Forchheimer (D-F) approximation, 
were consistently 5 to 50% lower than esti- 
mates made without using the approxima- 
tion or than estimates based on US. Geo- 
logical Survey (USGS) spot measurements 
along the river. For example, USGS mass 
balance estimates of groundwater flow 
based on surface flow measurements for 
river miles numbered 108 and 118 were 57 
and 106 acre-feet per month, respectively, 
compared with 34 and 54 acre-feet per 
month for these locations, respectively, es- 
timated from a D-F approximation based 
groundwater model. 

Because of these discrepancies, we un- 
dertook a detailed study of the D-F ap- 
proximation itself as it applies to estimat- 
ing groundwater flows to rivers or unlined 
canals. 

D-F approximation 
In a discussion of the approximation in 

1937, Morris Muskat of Gulf Research and 
Development Co. named it after both 
Dupuit and Forchheimer (French and Ger- 
man engineers, respectively, who inde- 
pendently developed this approximation 
to groundwater flows such that the gov- 
erning differential equations could be 
solved analytically for practical drainage 
problems). He indicated that the approxi- 
mation assumes that "for small inclina- 
tions of the free surface of a gravity-flow 
system, the streamlines can be taken as 
horizontal, and are to be associated with 
velocities which are proportional to the 
slope of the free surface, but are indepen- 
dent of the depth." In other words, the D-F 
approximation assumes that all ground- 
water flow, or velocity, is in the horizontal 
direction only, and that the magnitude of 
this flow or velocity is proportional to the 
slope of the water table, or free surface. All 
vertical flows, or velocities resulting from 
infiltration and seepage, or the changing 
flow geometries resulting from geologic 
formations or water channels, are ignored 
because the slope of the water table is pre- 
sumed to be mild. For steady, unconfined 
groundwater flow, the free surface is the 

continued on page 13 
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