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Studies have shown that the chances of achieving
successful seedling establishment in arid and semiarid
regions is dependent upon the pattern of favorable wet-
dry precipitation sequences. A daily rainfall simula-
tion model based on a first-order Markov chain was used
to generate wet-dry-wet precipitation sequence probabil-
ities based on parameters estimated from 22 years of
daily precipitation data in southern Arizona. These
simulated data were used to indicate an optimum seeding
time that maximizes the probability of a favorable wet-
dry sequence following seeding. Based on a premise that
a favorable sequence consists of wet periods of 1 to 3
days in length with the following dry period being 5
days or less, the results indicate that the optimum time
to seed in southern Arizona is after 1 August. This is
two to three weeks later than the normal start of the
rainy season.

Introduction

Many guidelines for plant establishment from
seeds under rainfed conditions provide only general
information concerning water requirements for seedling
establishment. Stoddard (1946) recommended seeding only
in areas where the annual precipitation exceeds a prede-
fined amount based upon species requirements. Informa-
tion on new plant species frequently refers to adapt-
ability in specific annual rainfall zones, (Stevens et
al. 1985). These guidelines do not take into account
the effect of the timing of available soil moisture on
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plant establishment. cCox and Jordan, (1983), reported
that the frequency and quantity of precipitation events
at the time of seeding are much more critical to suc-
cessful seedling establishment than the total annual
precipitation. The timing of the precipitation events
is especially important in arid and semiarid regions
where seeding successes may only occur once in 5 to 10
years (Cox et al. 1982).

There are two critical periods of water avail-
ability in the initial stages of seedling establishment;
(1) the initial wet period when seeds germinate and (2)
the subsequent dry period (Frasier et al. 1985). Some
seeding guidelines have been concerned with only the
length and timing of the wet period. Parker and
McGinnies (1940) recommended that, for southwestern
ranges, seeds be planted prior to the start of the sum-
mer rainy season. Very little information is available
on the effect of the inevitable dry period which always
follows the wet periocd (Cox 1984). With a wet period of
suitable length, the seeds germinate and seedlings
develop to a physiological stage capable of surviving
the following dry period. However, if the dry period
exceeds some critical length, the seedling will die
(Frasier 1986). Frasier et al. (1987) found that 3 wet
days were sufficient to produce viable seedlings of five
warm season grasses that could survive subsequent dry
periods up to five days duration. When the dry period
following the initial 3 wet days was extended to 7 days,
seedling survival was significantly reduced.

To maximize the probability for achieving suc-
cessful seedling establishment, the seeding must occur
at the time of the year when there is a maximum joint
pProbability that the wet period exceeds the time re-
quired for seed germination and initial seedling root
development and that the following dry periocd is shorter
than the critical -length which kills the germinated
seeds or seedlings. This paper discusses an approach
for estimating the time of year in southern Arizona that
has the highest probability of favorable wet-dry se-
quences for seedling establishment that meet the 3 wet
day, 5 days or less dry, plant survival characteristics.

Methods

A simulation model was developed to estimate the
number of various wet-dry precipitation sequences during
the year. The model has two components; (1) the occur-
rence process of wet-dry daily rainfall sequences which
is modeled using a first-order Markov chain and (2) a
distribution of daily amounts which is modeled using a
mixed exponential distribution. The parameters for
these models were estimated using twenty-two years,
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(1955 through 1976), of daily precipitation data from a
raingage on the USDA-ARS Walnut Gulch Experimental
Watershed near Tombstone, Arizona.

Woolhiser and Roldan (1986) described the de-
pendence between wet and dry occurrences using a first-
order Markov chain:

Pij(n) = P{Xy(n) =3 | Xy(n-1) = i) for n > 1, (1)
and
Pij(1) = P(Xv(1) =3 | Xy_,(365) = i) (2)

where pij is the transition probability, i = 0, 1 and

3 =0, 1, Xy is the occurrence, and y is the year of the
occurrence. Xy(n) is 0 if day n is dry or 1 if day n is
wet. The necessary seasonal variations of the transi-
tiop probabilities were approximated using Fourier
series.

Smith and Schreiber (1974) showed that daily
precipitation amounts in southern Arizona could be des-
cribed by a mixed exponential distribution:

£2(P) = a(n) exp(-P/g(n)]) + [ 1 - a(n)lexp(-P/s(n)) (3)
B(n) §(n)

where fn is a probability density function and (P) is

the amount of rainfall minus some threshold value. The
variable a(n) is a weighing parameter whose values range
between 0 and 1. The variable B(n) represents the mean
of the smaller precipitation distribution: and §(n), the
mean of the larger precipitation distribution. The
seasonal variations of these parameters were approxima-
ted by Fourier series. The necessary means, amplitudes
and phase angles of the Fourier series were computed
using a program, MCMELOG, which computes a numerical
maximization of the log likelihood function (Woolhiser
and Roldan 1986). The Akaike (1974) information criter-
ion was used to select significant harmonics.

Before simulation begins, the transition prob-~
abilities, the probability of rain and the amount of
rain for an entire year were computed using the Pourier
coefficients obtained by program MCMELOG. The simula-
tion program then asked the user to enter a starting
day, n.

Simulation began by first sampling from a uni-
form distribution, U(0,1), using a random number gener-
ator. The dry-dry transition probability for day n,
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poo(n), was compared with the number. If this number
was less than poo(n), then the day was dry.

When the number was greater than poo(n) the day

was wet. If the day was wet, a second number was taken
from U(0,1) and used to determine which exponential
distribution to use to compute the rainfall amount.

After, the exponential distribution was selec-
ted, a third number was drawn from U(0,1). This number
was used to generate the amount of rain for day n. This
amount was compared to the threshold selected for the
start of a wet sequence. If the amount exceeded the
threshold, then the first day of the wet sequence had
occurred. If the amount was not greater than the thres-
hold, then the day was wet but did not meet the minimum
amount criterion and the day was considered dry.

This is the cycle used to simulate an occur-
rence. However, once a wet sequence was started the
first number drawn was compared against plo(n) and the

rainfall amounts were compared against the threshold for
subsequent wet days. At the end of each cycle, n is
incremented. The cycle terminated when a second vet
sequence occurred or when n had reached the maximum
length for a sequence specified by the user.

The number of days in the wet sequence and the
following dry sequence were used to compute the joint
probabilities. The procedure was repeated until a thou-
sand years of data had been simulated and the number of
wet days and following dry days tabulated for each star-
ting date.

The following joint probabilities were calcu-
lated from the simulated data:

P{in=1,2,3| m<=5) (4)
P(n=2,3]| m<=5} (5)
P(n=1,2,3] m>5) (6)
Pin=2,3 | m>5) (7)

where n is the number of wet days in the sequence and m
is the following number of dry days in the sequence.
Four pairs of thresholds (initial day and subsequent
wet days) were studied: 6.4 and 0.25 mm; 6.4 and 6.4
mm; 2.5 and 0.25 mm; and 2.5 and 2.5 nnm.
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The historical daily average rainfall and the
theoretical average daily rainfall as described by a
Fourier Series are presented in Figure 1.

The data show that the mean daily rainfall peaks
during the period from the middle of July to the middle
of August. There are of course, large variations in the
historical average daily amounts on adjacent dates. The
model sampling smooths the daily extremes which is in-
tuitively satisfying because we would not expect erratic
behavior in the rainfall process.

The probabilities of: (1) no rain, (2) 1-3 wet
days followed by 1-5 days dry; and (3) 1-3 wet days
followed by a dry period of greater than 5 days during
the 30 day period starting on the first of each month
with initial and subsequent rainfall thresholds of 0.25
mm are shown in Figure 2.

Results of plant survival studies (Frasier et
al. 1987), suggest that the best time for seeding occurs
when the joint probabilities of 1-3 wet days followed by
1-5 dry days is greater than the probabilities of the
same 1-3 wet days but with the dry period > 5 days. The
results indicate that this condition occcurs during the
month of August. This period is two to three weeks
after the assumed start of the rainy season in the area
(Schreiber and Sutter 1972). This is also the period
with the lowest probability of not having any rain.

This assessment does not qguantify the effect of
the size of the storm. There is a disproportionate
number of the storms (45% of the total number of wet
days) when the rainfall would be too low for practical
benefit (Figure 3). A threshold rainfall amount of 2.5
mm or more is more appropriate for seeding requirements
than the 0.25 mm used in the previous discussion.

Table 1 presents the probabilities of: (1) 1-3
wet days, 1-5 dry days; (2) 1-3 wet, >5 dry:; (3) 2-3
wet, 1-5 dry; (4) 2-3 wet, > 5 dry; and (S) no rain, for
initial and subsequent rainfall thresholds of 0.25, 2.5
and 6.4 mm. The results show the same general pattern
as previously discussed in Figure 2. The probability
magnitudes become lower as the rainfall threshold levels
increases. 1In all combinations, the best time to seed
remains about the first of August when there is a
greater probability of the dry period being 5 or less
days than the probability of the dry periods being
greater than 5 days.
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Figure 1. a) Historical 20 year average daily and
modeled average rainfall quantities for the spring-sum-
mer rainfall season (March-October) at the Walnut Gulch
Experimental Watershed near Tombstone, Arizona: b) the
historical and modeled daily rainfall averages for the
period of 1 July through 30 August.
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Figure 2. Probability of: (1) no rain; (2) 1-3 days
wet, 1-5 days dry; and (3) 1-3 days wet, > 5 days dry
during the a 30 day period starting on the first of each
month with initial and subsequent rainfall thresholds of
0.25 mm at the Walnut Gulch Experimental Watershed.
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Figure 3. Storm size distribution from a single rain-
gage on the Walnut Gulch Experimental watershed was used
to generate parameters for the simulation model.



Table 1. Probabilites of wot-dry scquences: (a) 1-3 days wet, 1-5 days dry: (b) 1-3 wet, >5 dry; (c) 2-3 wet,
1-5 dry; (d) 2~3 wet, >5 dry and probability of no rain for five initial and subscquent rainfall
threoholds for nine 30 day periods starting on the first of each month during the summer at the
Walnut Gulch Experimcntal Watershed ncar Tombstone, AZ.

oy

THRESHOLD WATER SEQUENCE DATE
INITIAL SUBSEQ. WET DRY 1 MAR 1 AFR 1 MAY 1 JUN 1 JUL 1 AUG 1 SEP 1 oCcr 1 NoOV
(=) (zn) (days) (days)
0.28 0.25 1<) 1-8 0.14 0.03 0.05 0.21 0.54 0.75 0.66 0.30 0.12
>5 0.21 0.09 0.07 0.30 0.38 0.17 0.2% 0.30 0.22
2=3 1-5 0.02 0.02 0.01 0.06 0.20 0.30 0.23 0.10 0.03
>5 0.06 0.02 0.01 0.09 0.11 0.08 0.10 0.09 0.07
RO RAIN 0.64 0.87 0.89 0.47 0.02 <.01 0.03 0.38 0.65
2.5 0.25 1=3 1-5 0.06 0.02 0.01 0.12 0.40 0.57 0.44 0.13 0.07
>5 0.09 0.03 0.04 0.20 0.43 0.32 0.35 0.22 0.11
2=) 1-5 0.02 <.01 <.01 0.04 0.16 0.20 0.16 0.04 0.02
>8 0.02 <.01 0.01 0.0S 0.15 0.11 0.14 0.06 0.03
NO RAIN 0.86 0.96 0.95 0.68 0.12 0.04 0.16 0.63 0.81
2.5 2.5 1-3 1-5 0.07 0.02 0.02 0.14 0.44 0.63 0.48 0.16 0.09
>5 0.09 0.03 0.04 0.20 0.43 0.32 0.37 0.23 0.11
2=3 1-5 0.01 <.01 <.01 0.03 0.09 0.16 0.10 0.03 0.01
>S5 0.01 <.01 <.01 0.02 0.08 0.07 0.10 0.03 0.02
NO RAIN 0.85 0.95% 0.94 0.67 0.12 0.03 0.15 0.61 0.80
6.4 0.25 1-3 1-5 0.01 0.01 0.01 0.05 0.25 0.39 0.27 0.06 0.03
>S5 0.03 0.01 0.01 0.09 0.33 0.37 0.31 0.12 0.04
2-3 1-5 <.01 <.01 0.00 0.02 0.09 0.15 0.08 0.02 0.01
>S5 0.02 <.01 <.01 0.03 0.10 0.13 0.1)2 0.04 0.02
NO RAIN 0.96 0.99 0.98 0.86 0.38 0.17 0.40 0.80 0.93
6.4 6.4 1-3 1-5 0.02 0.01 0.01 0.06 0.27 0.45 0.28 0.08 0.04
>S 0.0) 0.01 0.01 0.09 0.36 0.39 0.33 0.14 0.04
2-3 1-5 0.00 <.01 0.00 <.01 0.03 0.07 0.03 0.01 <.01
>5 <.01 0.00 <.01 0.01 0.03 0.04 0.06 0.01 0.01
NO RAIN 0.95 0.99 0.98 0.85 0.37 0.16 0.39 0.79 0.92
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By using two thresholds, one for the start of
the wet sequence and the other for the subsequent wet
days in the wet sequence, the sequences were dissocia-
ted. The probability of getting 1 to 3 wet days fol-
lowed by 1 to 5 dry days was higher when both thresholds
were set to 6.4 mm than when they were set to 6.4 and
0.25 mm for the initial and subsequent wet days, respec-
tively. By lowering the threshold for subsequent wet
days in a sequence, the wet sequence was extended.
Further evidence of dissociation is indicated when the
rainfall thresholds for the initial and subsequent days
are equal (ie. 2.5 and 2.5 mm) the probabilities for 2
to 3 wet days followed by 1 to 5 dry days are consider-
ably less than the probabilities for the 1 to 3 wet day
followed by 1 to 5 dry days. When lower thresholds are
used, the number of wet sequences increases and the
probability of not having rain decreases.

conc (e}

The occurrence of specific wet-dry day sequences
is of major significance in the development of seeding
procedures for arid and semi-arid regions. Short-term
precipitation records are frequently highly variable and
it is difficult to know if the means are representative
of the local climate. A first-order Markov chain simu-
lation model was used to generate a 1000 record years of
wet-dry day sequences based on a 22 year data set in
southern Arizona. The program computed the daily joint
probability for different wet-dry day combinations at
various threshold rainfalls.

For effective seedling establishment, the op-
timum time to seed is the time of year when the prob-
ability of a wet period followed by a short dry period
is greater than the wet period followed by a long dry
period. The results showed that for southern Arizona,
the optimum time for seeding is in August. This is in
contrast to common seeding practice which recommends
planting prior to the start of the summer rainy season
in July.
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