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     APPENDIX J-2

USDA-ARS, BIG SPRING, TEXAS
SUMMARY OF BIG SPRING, TEXAS DATA LOGGER

January, 1990

WEIBULL WIND COEFFICIENTS:   c=5.68   k=2.11   % calm=5.00

MON DAY MAX MIN ---------------WIND--------------- AVG AVG TOTAL EI SOLAR
TEMP TEMP MAX MIN FACTOR DIR RH RAIN * RAD

C C m/sec m/sec (WS-5)2(WS) deg % mm cal/cm2

 1  . 24 -6 13.1 3.8 409434 193 42 27.4 71.66 7949

 1  5 11   1   5.8 2.0      7 114 41   .   .    5
 1  6 10  -6   6.7 2.9    222 188 39   .   .  272
 1  7 17  -6   6.1 2.9     83 258 37   .   .  339
 1  8 21  -3   9.1 3.9  10726 240 23   .   .  338
 1  9 19   1   8.8 2.7   2518 143 24   .   .  329
 1 10 24   1   7.5 3.1   1390 247 26   .   .  341
 1 11 20   0   8.2 4.2   5722 137 25   .   .  348
 1 12 11  -2   6.6 3.3    381  56 22   .   .  342
 1 13 16  -1   8.5 4.0  10165 158 20   .   .  321
 1 14 24  -1   7.9 4.2   2029 215 30   .   .  346
 1 15 24   7   9.0 4.8   8740 190 66   .   .  317
 1 16 23  11  10.7 5.2  24677 193 61   .   .  278
 1 17 21   3   4.6 2.0      . 173 53  0.8  0.07  354
 1 18 11   2  11.9 7.3 138274  54 79 19.8 58.85   30
 1 19  9   1   7.9 3.8   2153 269 85  6.9 12.74  252
 1 20 13  -1   5.0 2.1      0 231 74   .   .  360
 1 21 15  -2   5.8 2.3     20 239 66   .   .  360
 1 22 20  0   8.2 3.4   2362 236 56   .   .  318
 1 23 18   9   4.9 2.8      . 235 56   .   .  113
 1 24 18   1  13.1 5.1  79810 286 56   .   .  312
 1 25 14  -6   6.8 2.6    128 251 42   .   .  380
 1 26 22   2  11.0 6.1  43326 205 18   .   .  380
 1 27 13   3  10.1 5.1  31972 107 24   .   .  261
 1 28 11  -2   7.5 3.9   1863 183 31   .   .  285
 1 29 20  -6  10.8 4.9  40966 224 25   .   .  392
 1 30 18  -2   6.4 3.1    111 156 20   .   .  396
 1 31 20   8   7.6 3.4   1788 161 40   .   .  182

MONTHLY AVERAGES

Max. temp Min. temp Max. wind speed
      17.1       0.5 8.0

Monthly averages are based on available data.

* The units of EI are megajoule-millimeter/hectare-hour.
.  The first line in the table is a summary of the entire table.



     APPENDIX J-3

       USDA-ARS, BIG SPRING, TEXAS
SUMMARY OF BIG SPRING, TEXAS DATA LOGGER

February, 1990

WEIBULL WIND COEFFICIENTS:   c=6.07   k=2.30   % calm=5.16

MON DAY MAX MIN ---------------WIND--------------- AVG AVG TOTAL EI SOLAR
TEMP TEMP MAX MIN FACTOR DIR RH RAIN * RAD

C C m/sec m/sec (WS-5)2(WS) deg % mm cal/cm2

 2  . 27 -5 12.9 4.0 421866 196 47 43.7 152.7 9758

 2  1 21  9  7.4 2.7      650 213 63  0.8  0.07 287
 2  2 21  2  8.1 2.3    618 231 53   .   .  376
 2  3 13  1  9.7 3.9     11619 294 39   .   .  302
 2  4 17  -4  7.0 2.9    479 202 35   .   .  416
 2  5 20  5  12.5 5.7  77286 175 21   .   .  404
 2  6 22  2  8.5 3.2  2998 244 21   .   .  416
 2  7 24  2  9.1 3.8  4315 208 20   .   .  424
 2  8 24  8  9.3 4.4    8080 229 56   .   . 290

  #
 2  9 15  3  9.2 3.6  3628 208 68  0.8  0.07  116
 2 10 20  -3  8.2 3.1  3925 237 53   .   .  419
 2 11 23  -1  5.1 2.1      0 191 29   .   .  437
 2 12 27  6  10.6 5.3  46687 207 17   .   .  385
 2 13 25  13  8.4 4.7  3391 203 22   .   .  210
 2 14 19   -1  7.7 5.0  3862  81 71  4.8  1.02  154
 2 15 13  -1  12.9 4.9  70777 175 63  1.3  0.12  347
 2 16 13  -5  6.3 2.8    114 215 27   .   .  458
 2 17 17  -3  9.3 4.1  9643 125 24   .   .  446
 2 18 21  2  5.2 2.2      0 183 35   .   .  442
 2 19 16  1  8.9 3.9 11781 150 70   .   .  431
 2 20 12  5  9.2 4.4  16266 146 91 24.9 132.9 94
 2 21 14  0  8.2 4.4  4791 285 65   .   .  458
 2 22 15  1  12.7 5.1  52322 302 55   .   .  356
 2 23 20  -1  6.3 2.4     27 216 53   .   .  480
 2 24 23   2  8.8 2.5   1672 197 40   .   .  484
 2 25 25  8  10.6 6.3  38949 185 23   .   .  478
 2 26 24  10  9.2 5.4  21369 173 46   .   .  450
 2 27 16   8  10.4 3.9  6213 143 84 10.4 17.84  92
 2 28 8 2 8.8 6.1 20404 77 89 0.8 0.64 107

MONTHLY AVERAGES

Max. temp Min. temp Max. wind speed
18.9       2.6 8.8

Monthly averages are based on available data.

* The units of EI are megajoule-millimeter/hectare-hour.
.  The first line in the table is a summary of the entire table.
#  Data are missing from day 8, hour 1453 to day 9, hour 0956.



     APPENDIX J-4

USDA-ARS, BIG SPRING, TEXAS
SUMMARY OF BIG SPRING, TEXAS DATA LOGGER

March, 1990

WEIBULL WIND COEFFICIENTS:   c=6.21   k=2.05   % calm=5.55

MON DAY MAX MIN   --------------WIND------------- AVG AVG TOTAL EI SOLAR
TEMP TEMP MAX MIN FACTOR DIR RH RAIN * RAD

C C m/sec m/sec (WS-5)2(WS) deg % mm cal/cm2

 3  . 30 -3 15.7 4.2 655243 165 63 33.5 86.15 9892

 3  1  5  0  7.5 3.5  1659 189 87   .   .  106
 3  2 18  -3  4.0 1.7       . 186 71   .   .  481
 3  3 18  2  5.9 2.1     16 187 51   .   .  442
 3  4 25  9  8.8 4.3  8776 200 39   .   .  484
 3  5 24  13  9.7 5.9  30134 172 70   .   .  300
 3  6 22  12  10.6 5.2  35870 224 48   .   .  389
 3  7 24  7   8.9 3.1   5455 252 18   .   .  533
 3  8 29  7  8.2 2.9  2111 211 35   .   .  527
 3  9 26  16  9.4 4.7  17882 160 75   .   .  370
 3 10 23  14  12.1 4.3  19042 147 87 22.9 82.64  121
 3 11 22  12  13.9 6.1  136342 211 52 2.8 1.95  519
 3 12 29  14  11.3 6.0  36740 184 57   .   .  528
 3 13 27  12  15.2 7.0 126781 192 58  1.0  0.28  317
 3 14 12  3  15.7 5.9 138677 280 38  0.8  0.25  421
 3 15 16  0  9.3 3.4   2225 235 52   .   .  426

  #
 3 20 23  11 7.7 5.1  2817 182 20   .   .  527
 3 21 29  9 10.8 5.7 21431 202 28   .   .  555
 3 22 30  11  6.6 3.3  279 159 52   .   .  523
 3 23 25  3  10.5 4.4 37541  89 73   .   .  520
 3 24 3  -2 8.6 5.0  10468  39 93 0.5 0.02 96

  †  3 25 1  -2  4.9 2.2 . 49 94 0.3 0.01 79
 3 26 9 0  7.3 3.2 174 60 84 0.3 0.01  235
 3 27 13  5  7.1 3.4 1007 180 90 3.3 0.69  120
 3 28 27  9  8.2 5.0  8616 210 60   .   .  553
 3 29 16  7  8.4 5.6 11066  53 90 0.8 0.12 172
 3 30 16  7  6.3 2.8 129 93 82 1.0 0.16  277
 3 31 20  7  5.4 2.8  5 149 81   .   .  270

MONTHLY AVERAGES

Max. temp Min. temp Max. wind speed
19.6       6.8 9.0

Monthly averages are based on available data.

* The units of EI are megajoule-millimeter/hectare-hour.
.  The first line in the table is a summary of the entire table.
#  Data are missing from day 15, hour 1540 to day 20, hour 0905.
†  The 2-meter anemometer was hung from day 25, hour 0512 to hour 1512.
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USDA-ARS, BIG SPRING, TEXAS
SUMMARY OF BIG SPRING, TEXAS DATA LOGGER

April, 1990

WEIBULL WIND COEFFICIENTS:   c=5.90   k=2.00   % calm=3.42

MON DAY MAX MIN --------------WIND-------------- AVG AVG TOTAL EI SOLAR
TEMP TEMP MAX MIN FACTOR DIR RH RAIN * RAD

C C m/sec m/sec (WS-5)2(WS) deg % mm cal/cm2

4 . 35 2 16.5 4.3 537518 131 60 64.5 176.6 12802

4 1 24 12 10.7 2.5 3291 125 81 4.6 2.14 339
4 2 20 10 9.4 4.9 18600 58 64 . . 528
4 3 22 7 5.9 2.4 40 137 49 . . 465
4 4 28 9 8.0 3.1 1105 241 46 . . 604
4 5 30 6 14.1 5.9 139056 184 61 . . 588
4 6 13 2 10.6 5.1 37782 40 51 . . 465
4 7 20 4 7.3 3.7 985 131 36 . . 581
4 8 24 10 8.9 4.7 10187 152 47 . . 481
4 9 30 15 9.5 5.0 12460 206 46 . . 542
4 10 21 10 8.9 4.5 8673 67 35 . . 623
4 11 22 6 7.7 3.6 869 102 45 . . 594
4 12 23 8 14.0 6.0 84223 141 51 7.1 7.24 583
4 13 29 13 11.6 3.4 6245 169 69 0.3 0.12 417
4 14 28 13 7.6 3.5 976 102 58 . . 598
4 15 35 17 9.7 4.8 13271 173 49 . . 631
4 16 35 16 10.7 4.9 20544 166 58 . . 570
4 17 20 6 10.6 5.8 29571 77 84 . . 119
4 18 10 5 12.1 3.9 6032 71 92 25.1 24.76 31
4 19 20 9 5.4 2.3 1 101 90 2.3 0.37 123
4 20 25 15 6.6 3.1 357 106 86 . . 456
4 21 27 16 6.3 2.7 108 99 80 . . 435
4 22 28 18 7.9 3.9 2597 153 66 . . 443
4 23 30 11 16.5 4.7 25852 168 69 24.9 141.8 420
4 24 29 13 11.7 5.2 33357 150 63 0.3 0.11 595
4 25 26 15 16.2 5.4 60804 202 53 . . 482

  #
4 29 34 15 9.3 4.6 4863 178 33 . . 648
4 30 17 8 8.6 5.9 15666 53 54 . . 441

MONTHLY AVERAGES

Max. temp Min. temp Max. wind speed
24.8      10.8 9.8

Monthly averages are based on available data.

* The units of EI are megajoule-millimeter/hectare-hour.
.  The first line in the table is a summary of the entire table.
#  Data are missing from day 25, hour 1552 to day 29, hour 0143.
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USDA-ARS, BIG SPRING, TEXAS
SUMMARY OF BIG SPRING, TEXAS DATA LOGGER

May, 1990

WEIBULL WIND COEFFICIENTS:   c=6.62   k=3.05   % calm=3.35

MON DAY MAX MIN ------------WIND-------------- AVG AVG TOTAL EI SOLAR
TEMP TEMP MAX MIN FACTOR DIR RH RAIN * RAD

C C m/sec m/sec (WS-5)2(WS) deg % mm cal/cm2

5 . 42 6 11.2 4.5 401235 169 42 7.4 3.36 18037

5 1 12 8 9.7 6.0 18979 44 84 1.5 0.54 127
5 2 13 7 7.3 3.8 1707 117 90 3.3 0.90 154
5 3 20 6 8.5 3.4 4294 269 67 . . 502
5 4 21 6 7.3 3.8 1389 199 51 . . 631
5 5 23 7 7.0 2.4 422 79 44 . . 615
5 6 26 7 8.4 2.0 102  177 35 . . 675
5 7 27 14 9.4 5.6 19761 174 29 . . 618
5 8 34 14 9.0 5.3 13279 210 43 . . 673
5 9 26 13 9.3 5.0 15150 116 38 . . 677
5 10 21 9 7.8 4.5 4276 92 32 . . 399
5 11 33 14 10.1 4.3 8637 190 44 . . 524
5 12 31 12 7.1 2.7 235 240 35 . . 702
5 13 36 16 9.9 4.8 21978 147 21 . . 654
5 14 38 21 10.4 5.2 28076 187 38 . . 646
5 15 37 23 11.2 6.3 37835 193 44 . . 577
5 16 33 19 9.7 4.4 16393 227 31 . . 711
5 17 27 14 9.1 5.8 13349 87 48 . . 429
5 18 31 20 10.7 6.9 71549 179 51 . . 574
5 19 36 21 9.8 5.2 22312 233 35 . . 694
5 20 34 18 10.6 5.1 33303 256 11 . . 701
5 21 30 13 8.2 3.9 5857 93 36 . . 681
5 22 32 15 6.1 3.2 71 88 41 . . 683
5 23 36 19 8.9 4.8 10002 140 37 . . 670
5 24 38 21 10.5 5.2 12202 208 45 . . 586
5 25 42 23 9.9 4.5 8138 233 28 . . 624
5 26 38 22 7.0 3.6 439 262 28 . . 644
5 27 33 17 7.9 4.1 5235 148 27 . . 693
5 28 28 18 7.8 4.8 3506 76 62 . . 589
5 29 33 20 10.5 4.7 11897 153 60 2.5 1.92 304
5 30 35 13 7.4 2.9 354 246 32 . . 715
5 31 36 20 10.8 4.5 10509 167 44 . . 565

MONTHLY AVERAGES

Max. temp Min. temp Max. wind speed
30.3      15.2 8.9

Monthly averages are based on available data.

* The units of EI are megajoule-millimeter/hectare-hour.
.  The first line in the table is a summary of the entire table.
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ABSTRACT

Rainfall amount erosivity index (EI) decay soil aggregates and ridges at different rates. To
evaluate the decay of soil aggregates and ridges by natural rainfall amount and EI. Field and
rainfall simulator experiments were conducted. One half of a field with fine sandy loam soil,
located in West Texas, was tilled with a lister; the other half, with a moldboard plow. Soil sur-
face roughness was measured before and after each rain event. About 500 mm of rainfall (EI =
3113 MJ-mm/ha-hr) melted the soil aggregates completely; whereas, ridges decayed only 58%
after 678 mm of rainfall (EI = 4787 MJ-mm/ha-hr). Equations were developed to estimate decay
of soil aggregates and ridges from rainfall amount and EI. Because only one soil was used during
the field experiment, these equations are not applicable to other soil types. Therefore, a soil
roughness decay factor (DF) was developed from rainfall simulator experiments. Aggregates of
16 soils, ranging from fine sandy loam to clay (including the soil used in the field experiment)
were irrigated at the same rate and intensity by a rainfall simulator. Soil aggregate roughness was
measured before and after simulated rainfall. DF was obtained by computing the ratio of the
decay rate of aggregates of 15 soils to that of the field study soil. DF was used to modify the
predictive equations for other soils. These modified equations estimating soil aggregate decay
were tested by two data sets from the literature.

INTRODUCTION

Soil surface roughness, including ridges (oriented roughness, OR) and aggregates (random
roughness, RR) significantly affects wind and water erosion. For instance, soil surface roughness
affects soil particle emission and trapping during a wind erosion event (Hagen, 1988). It also
reduces the runoff velocity and thus decreases soil detachment and transport (Cogo et al., 1983)
caused by water erosion.

Soil surface roughness changes considerably with rain, wind, freezing and thawing, and cultiva-
tion (Zobeck and Onstad, 1987). Onstad et al. (1984) and Römkens and Wang (1985) described
the soil aggregate decay as a function of cumulated rainfall.

Potter (1990a) developed an exponential function to predict soil aggregate decay as a function of
cumulated rainfall. He related the coefficients in this function to the soil organic carbon and clay
content. He concluded that soil aggregate stability increased with the percent clay content up to
31% and then decreased with additional clay.

Other researchers found the need to replace the rainfall amount with a more sensitive variable
that would express the rainfall energy. Dexter (1977), Johnson et al. (1979), Steichen (1984), and
Mannering et al. (1966) found a strong relationship between rainfall kinetic energy and soil
aggregate decay.

Different techniques are used to measure soil surface roughness. Allmaras et al. (1966) devel-
oped a random roughness index (RR) to characterize soil surface roughness due to aggregates.



RR is based on the standard error of the adjusted natural log transformed surface elevation.
Before computation of this index, the effects of slope and oriented roughness (OR) are removed.

Potter et al. (1990) developed a microrelief index based on the shelter angle concept. Shelter
angle is defined as the maximum angle from the horizontal between measured elevation points
within a 0.3-m distance on the soil surface. They calculated shelter angles for 800 points within a
1-m² area and determined their cumulative distribution as an index of surface roughness (known
as Cumulative Shelter Angle Distribution, CSAD).

Potter and Zobeck (1990) fitted the Weibull function (Johnson and Kutz, 1970) to the CSAD as
follows:

F e
S
B

C

= − −
1

( )        (1)

where
F = cumulative fraction of the surface
S = shelter angle, degrees
B and C = regression coefficients determined by non-linear least squares fit.

The B coefficient, or scale factor, increases with greater roughness and may be used as a soil
surface roughness index.

Saleh (1993) developed a simple but efficient method to measure soil surface roughness using a
high speed roller chain. This method is based on the principle that when a chain of given length
(L1) is placed across a surface, the horizontal distance between chain ends (L2) decreases as the
roughness increases. Soil surface roughness (C

r 
) is calculated using the L2/L1 ratio as follows:
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The past studies on soil surface roughness decay are limited to soil aggregates. Generally the
decay rate obtained for aggregates has been used for ridges; however, field observations indicate
that ridges decay at a totally different rate than that of aggregates. Therefore, a different set of
equations describing the decay of ridges is needed.

Decay of surface roughness has been studied using rainfall simulators. Most simulated rain
storms have a linear kinetic energy/ rainfall intensity relationship while such relationships from
natural rainstorms are non-linear. Therefore, a roughness decay study under natural rainfall is
needed.

This study was conducted to develop predictive equations to estimate soil aggregate and ridge
decay from rainfall amount and storm erosivity and soil properties.



METHODS AND MATERIALS

Field Preparation:
The field study was conducted from January through September, 1992 on an Amarillo fine sandy
loam located in Howard County, Texas (Table 1, soil #1).

Half of the field was bedded with a lister which created 0.3-m high ridges with 1-m spacing and
medium-to-large size aggregates (less than 0.12 m in diameter). The other half of the field was
moldboard plowed which created a surface with no profound ridges but with large aggregates
(less than 0.2 m in diameter).

Field Soil Surface Roughness Measurement:
Soil surface elevation was measured after each tillage operation and after each rainfall of at least
20 mm using a pin-type soil microrelief meter (20 rows, 50 mm apart by 40 pins/row, 25 mm
apart to give a grid of 800 surface elevations). The measurements were made along a 1-m
transect perpendicular to the tillage direction. There were 3 sets of height readings (800/m2) for
the listed portion and 3 sets for the plowed portion of the field.

Soil surface elevations were corrected for slope and were then used to calculate the Weibull scale
factor, B (Potter et al. 1990). The coefficient B which was calculated from measurements
perpendicular to the ridges was due to ridges and aggregates and expressed as oriented roughness
(B

per 
). The coefficient B which was calculated from measurements parallel to the ridges was due

to aggregates and expressed as B
par 

.

Field Rainfall measurement:
Rainfall amount was recorded every 10 minutes by a rainfall gauge connected to a data logger.
Equations (3) - (6) from Wischmeier and Smith (1958) and Foster et al. (1981) were used to
calculate storm erosivity for each rainfall event using 10 minute rainfall data.

E I E I= ∗( )3 0        (3)

where
EI = storm erosivity, MJ-mm-ha-1 -hr-1

I
30

= maximum 30-min rainfall intensity, mm/hr
E = total storm kinetic energy, MJ-ha-1 , which is obtained by:

E E Vr r
k

n
=

=
∑ ∆

1
       (4)

where
n = number of 10-minute rainfall intervals
∆V

r 
= rainfall amount during 10-minute interval, mm

E
r

= rainfall energy, MJ-ha-1 -mm-1 , for each 10-minute rainfall interval which is
computed from the following equations.



E ir r= +0 1 1 9 0 0 8 7 3 1 0. . lo g ( )        (5)

i
r 
# 76 mm-hr-1 .

E r = 0 2 8 3.        (6)

ir > 76 mm-hr-1 .

I
30

 was obtained by selecting the highest 30-minute intensity during the storm event.

Rainfall Simulator Experiments:
Soil aggregates (less than 0.1 m in diameter) were collected from 16 sites including the field
study site. Soils ranged from fine sandy loam to clay (Table 1) and organic matter content varied
from 0.41 to 3.27 percent. Particle size distribution was measured by the pipette method (Day,
1965). Organic carbon was determined by the chromic oxidation method (Peech et al., 1947).
Soil aggregates for each soil were placed randomly on three 0.2 by 0.5-m porous trays. A total of
41.7 mm of water was applied to each tray at the rate of 27.8 mm hr-1 with an average kinetic
energy of 25.0 J m2 mm-1 during three simulated rainfall events. The soil aggregate roughness
was measured by the chain method (Saleh, 1993) before and after each rainfall event.

1. A 0.01 m linked roller chain (ANSI 35 riv. type) with a length of 1 meter
(L1 = 1 m) was very carefully laid on the top of aggregates.

2. A caliper rod was used to read the linear distance (L2).
3. Equation (2) was used to calculate C

r
 caused by random roughness (C

rr 
).

RESULTS AND DISCUSSION

Field Study:
Tables 2 and 3 show the summary of data obtained from the field experiment. Average annual
rainfall at this study site is 487 mm. However, during this study about 678 mm of rainfall was
recorded. The ratio of calculated EI per unit of rainfall increased from 0.62 in January to 11.5 in
June, indicating more intense rainfall during the warmer season (Table 2).

Smaller aggregates in the listed field decayed at a slightly higher rate than that of the moldboard
plowed field. Soil surface aggregates of both fields decayed after 500 mm of rainfall.

Equation (7) was obtained from regressing the natural log of RRR (B
par

 after rainfall / initial B
par

)(average of three replications) and cumulated EI (CUMEI, Mj-mm/ha-hr) for both tillage
treatments (Table 3, Fig. 1):



R R R e CUMEI= −[ . ]0 0 0 1 2        (7)

R2 = 0.94, P<0.001 .

A similar but less significant relationship was obtained between natural log of RRR and
cumulated rainfall (CUMR, mm) (R2 = 0.71, P<0.001) (Table 3, Fig. 2):

R R R e CUMR= −[ . ]0 0 0 5        (8)

R2 = 0.71, P<0.001 .

Comparing  equation (8) to equation (7) indicates that CUMR did not describe the change in B
par

during the first part of season as well as CUMEI (Figs. 1 and 2). Because of lower intensity
rainfall during the early season (January through March) soil aggregate decay per unit of rainfall
was much lower than later in the season (Fig. 2). Consequently, if only the rainfall amount was
used as the driving parameter for soil aggregate decay, the decay rate for low intensity rainfall
might be over-estimated.

CUMEI and CUMR had similar effects on ridge decay (ORR)(Table 2, Figs. 3 and 4). Figures 1
and 2 show that RR had decayed completely for both sections of the field by 3113 units of EI
(500 mm of rainfall) while 48% of OR in the listed field remained after the total of 4787 units of
EI (710 mm of rainfall) (Figs. 3 and 4). Because of the lower decay rate, ridges perpendicular to
erosive wind would be better than aggregates to reduce erosion when surface roughness is used
for erosion control, especially for high rainfall and irrigated lands. The first 25% of B

per 
 decayed

at almost an equivalent rate to the decay rate of the first 25% of B
par 

 then the B
per 

 decay rate
decreased significantly. This was because of the rapid decay of aggregates covering the ridges.
After aggregates dissipated, ridges became very stable and decayed at a slower rate.

Equations (9) and (10) were obtained by regressing the natural log of ORR (B
per 

 after rainfall /
initial B

per 
) on CUMEI or CUMR, respectively.

O R R e CUMEI= −[ ]. .0 0 5 0 31        (9)

R2 = 0.99, P < 0.01 .

O R R e CUMR= −[ ]. .0 0 1 7 0 56 7      (10)

R2 = 0.98, P < 0.01 .



In some parts of the United States (e.g. Northwest) rain falls with low intensity, whereas in other
parts (e.g. Southeast) rainfall intensity occurs at much higher rate. To capture the effect of both
rainfall amount and intensity, equation (11) was obtained from the regression of RRR on CUMEI
and CUMR.

R R R e CUMEI CUMR= − −[ . . ]0 0 0 0 9 0 0 0 0 7      (11)

R2 = 0.95, P < 0.01 .

Equation (12) was obtained when the natural log of ORR was regressed on CUMEI and CUMR.

O R R e CUMEI CUMR= − −[ ]. .. .0 0 2 5 0 0 0 8 50 31 0 56 7      (12)

R2 = 0.99, P < 0.01 .

Rainfall Simulator Study:
Application of the equations (11) and (12) is limited to those soils similar to the soil in the field
study. To use these equations for other soils, the roughness decay factor (DF) was obtained by
computing the ratio of RRR from soils #2 through #16 (Table 1) to that of soil #1 (field study
soil). DF indicated that the soil aggregate stability was strongly related to clay and OM content
(Fig. 5). For soils with less clay and OM than that of soil #1, DF was greater than 1.0 and for
soils with higher clay and OM, DF was less than 1.0. The following function was fit to DF using
the clay and OM content of tested soils as independent variables (Fig. 5).

D F e CLAY CLAY OM OM= − + − +[ . . . . .0 9 4 3 0 0 7 0 0 0 1 1 0 6 7 4 0 1 22      (13)

R2 = 0.92, P < 0.01

where
CLAY = clay content, %
OM = organic matter, %.

Soil aggregate stability increased with clay content to 32% and organic matter to 2.7% and then
decreased with greater amounts of clay or organic matter (Fig. 5). Potter (1990a) found similar
results. Soil aggregates with higher clay content (e.g. soil #16) broke down as rapidly as sandy
soils. Soil aggregates with low clay content (e.g. soil #2) broke down to erodible size particles
(less than 0.001 m) whereas aggregates with higher clay content broke down to larger (less than
0.02 m), more stable aggregates.

In order to use equations (11) and (12) for other soil types, DF was inserted in these equations as
follows:



R R R e D F CUMEI CUMR= − −[ ]( . . )0 0 0 0 9 0 0 0 0 7      (14)

O R R e
D F CUMEI CUMR= − −[ ]( ). .. .0 0 2 5 0 0 0 8 50 31 0 56 7      (15)

In equations (14) and (15) DF affects the rate that RRR and ORR change based on soil clay,
organic matter content, rainfall amount,  and rainfall erosivity index.

Validation:
Two sets of data from the literature were selected to test equations (11) and (14) predicting soil
aggregates decay.

Gilly and Kottwitz (1995) conducted a rainfall simulator study on a Sharpsburg soil (Fine,
montmorillonic, mesic Typic Agriudolls). Sand, silt, clay, and organic matter of this soil were
approximately 5, 55, 40 and 1.89% respectively. Six tillage treatments provided a range of
surface roughness conditions (Table 4). Simulated rainfall amounts of 35, 75, 150, and 300 mm
were applied at 25 mm hr-1 with an average kinetic energy of 27.5 J m-2 mm-1 over two
consecutive days. Surface elevations were measured and random roughness (RR) was calculated
by the Allmaras et al. (1966) method. The rainfall information was used to calculate EI (Table
4). DF by equation (13) for the Sharpsburg soil was 0.39. Table 4 and Fig. 6 show that the RR
predicted by equation (14) and those measured by Gilly and Kottwitz (1995) are close (R2 = 0.93,
P<0.001). However, RR predicted by equation (11), without DF, did not match as well (R2 =
0.75, P<0.001) (Table 4 and Fig. 6). This is because of the higher clay and OM contents in the
Sharpsburg soil than in the soil used during the field study. Therefore equation (11) over-
estimated the RR decay for this soil, and once DF was included (Eq. 14) the RR prediction
improved significantly.

Potter (1990b) measured soil surface random roughness of five soils before and after simulated
rainfall (5 to 80 mm). Simulated rainfall was applied at 58 mm/hr with an average kinetic energy
of 27.5 J m-2 mm-1 for the time required to apply 5, 10, 20, 40, and 80 mm of water. The rainfall
information from Potter (1990b) was used to calculate EI (Table 5). Surface microrelief was
measured and used to calculate RR using the Allmaras et al. (1966) method. Predicted RR values
by equation (14) and those measured by Potter (1990b) matched reasonably well (R2 = 0.85, P <
0.001) ) (Table 5 and Fig. 7 ). However, once again the predicted RR from equation (11) without
the DF factor resulted in under or over estimating RR for soils with a different clay or OM
content.

Differences among predicted RR and RR measured by Gilly and Kottwitz (1995) and Potter
(1990b) could be due to roughness measurement techniques. They used the Allmaras et al.
(1966) method to express RR, whereas in this study random roughness was described as the
Weibull coefficient B and C

r
 (obtained from the chain method). Nevertheless, comparisons show

that equation (14) was capable of predicting RR after rainfall for different soils and aggregates of
various sizes.



Because of lack of data available in the literature on ridge decay, a cooperative study is in
progress to obtain field data to test equations predicting ORR.

SUMMARY AND CONCLUSIONS

Rainfall amount and EI cause soil aggregates and ridges to decay at different rates. This study
was conducted to evaluate the decay of soil aggregates and ridges by natural rainfall amount and
EI. This study included field and rainfall simulator experiments. During the field experiment a
fine sandy loam soil, located in West Texas, was tilled by two tillage implements (a lister and
moldboard plow). Soil surface roughness was measured before and after each rainfall event.

The field study showed that computed EI per mm of rainfall increased from 0.62 in January to
11.5 in June, indicating changes in rainfall characteristics throughout the year. Rainfall erosivity
index (EI) was a better predictor of soil aggregate decay than rainfall amount. However, ridges
with aggregates decayed at similar rates by either EI or rainfall amount. Soil aggregates decayed
more rapidly than ridges. Thus, ridges are superior to aggregates for controlling erosion over
extended period, especially for high rainfall and irrigated lands. Equations were obtained to
predict soil aggregate and ridge decay from CUMEI or/and CUMR for the soil used during the
field study; however, these equations were not applicable to other soils. Therefore, the decay
factor (DF) was developed during the rainfall simulator study based on aggregates of 16 soils
(ranging from fine sandy loam to clay) to modify the predictive equations obtained from field
study for other soil types. The equations estimating the decay of soil aggregates were tested by
data obtained from Gilly and Kottwitz (1995) and Potter (1990b) studies. Predicted RR values by
equation (14) and those measured by Gilly and Kottwitz (1995) and Potter (1990b) matched
reasonably well (R2 = 0.93 and 0.85 respectively, P < 0.001) ). However, the predicted RR from
equation (11) (without DF factor) resulted in under- or over-estimating RR for soils with
different clay or OM content.

Because of lack of available data on ridges decay, equations regarding decay of ridges were not
tested. Currently a cooperative study is in progress to obtained field data to test equations
predicting ridge roughness decay.
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Table 1.  Properties of tested soils.



Table 2.  Monthly rainfall characteristics during the study.

Table 3.  Data summary of field experiement.



Table 4.  Measured random roughness decay by Gilly and Kottwitz (1995) and predicted by
equations (11) and (14).



Table 5.  Measured random roughness decay by Potter (1990b) and predicted by equations (11)
and (14).



Figure 1.  B
par

 after/initial B
par

 ratio (RRR) as related to cumulative EI (CUMEI).

Figure 2.  B
par

 after/initial B
par

 ratio (RRR) as related to cumulative rainfall (CUMR).



Figure 3.  B
per

 after/initial B
per 

ratio (ORR) as related to cumulative EI (CUMEI).

Figure 4.  B
per 

after/initial B
per

 ratio (ORR) as related to cumulative rainfall (CUMR).



Figure 5.  Decay factor (DF) as related to soil, clay, and organic matter content.

Figure 6.  Measured random roughness decay by Gilly and Kottwitz (1995) and predicted by
equations (11) and (14).



Figure 7.  Measured random roughness decay by Potter (1990b) and predicted by equations (11)
and (14).
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ABSTRACT

Soil surface aggregates (random roughness) and ridges (oriented roughness) can reduce soil loss
by wind erosion. The soil roughness factor (K’) is used to describe the effect of soil roughness on
soil loss by wind. The K’ in the Wind Erosion Equation (WEQ) model is a ridge roughness value
which does not include the random roughness effect and is not modified by rainfall. This study
was conducted to develop a soil roughness factor for the Revised Wind Erosion Equation
(RWEQ) model. Wind tunnel data was used to generate the roughness factor which included
both aggregate (random) and ridge (oriented) roughness. Surface roughness decay functions were
used to predict K’ (ridge and aggregate levels) after each rainfall event using rainfall amount and
storm erosivity index (EI). A function was used to predict K’ parallel and perpendicular to the
wind for ridged fields. The soil surface roughness measurement obtained from the chain method
and ridge height and spacing can be used to estimate K’. A look-up table was developed to
obtain K’ based on soil surface roughness measurements.

INTRODUCTION

Soil erosion by wind occurs when (1) wind velocity exceeds the threshold required to initiate soil
movement, (2) soil particles are small enough to erode, and (3) the soil surface is not protected
by crop canopy, residue, and/or roughness (aggregates and ridges). To reduce wind erosion, wind
velocity at the surface must be reduced below the threshold velocity required to initiate soil
movement. Flat and standing crop residues, crop canopy, wind barriers (Bilbro and Fryrear,
1985; Bilbro and Fryrear, 1988; Chepil and Woodruff, 1963; Lyles and Allison 1976; van de Ven
et al., 1989) and soil surface roughness are among the most important factors reducing wind
velocity at the surface (Armbrust et al., 1964; Chepil and Woodruff, 1963; Fryrear, 1984).

Soil surface roughness, including ridges and aggregates, reduces wind erosion.  Since 1992, U.S.
Department of Agriculture, Agricultural Research Service scientists have been developing a
predictive model to replace the Wind Erosion Equation (WEQ) model. This new predictive
technology, the Revised Wind Erosion Equation (RWEQ), incorporates the most current science
in wind erosion (Fryrear et al., 1997).

Chepil and Woodruff (1963) stated that “ Lister operation through the processes of increasing the
nonerodible fractions and increasing the surface roughness, has reduced wind erosion from a
very high amount to an insignificant amount”. Armbrust et al. (1964) conducted a wind tunnel
study to evaluate the effect of ridges and aggregates on soil erosion by wind. They exposed dune
sand mixed with various percentages of gravel, by weight, formed in ridges of various heights, to
different levels of wind velocity and collected the eroded soil at the end of the tunnel. They
concluded that ridges larger than 0.051 m and smaller than .102 m high eroded little due to
trapping of soil particles between ridges. However, they suggested that extensive erosion on
ridges higher than .102 m resulted from higher wind velocity at the ridges crests. The Armbrust
et al. (1964) study was used to derive the K’ factor in the WEQ model.



Fryrear (1984) conducted a wind tunnel test to evaluate soil losses from different surfaces.
Conditions consisted of a surface with ridges 0 to 25.4 cm high with 0 to 60% of the surface
covered with nonerodible aggregates. Soil losses were reduced 90% with ridges 6.3 to 25.4 cm
high, 89% with nonerodible soil aggregates covering 60% of the soil surface, and 98% with a
combination of large ridges and 40% coverage by aggregates. Data regarding soil loss and
roughness from other studies (Chepil and Doughly, 1939; Fryrear and Armbrust, 1969) support
these findings.

Zingg et al. (1953) measured soil loss with a portable wind tunnel in the field at various sites in
New Mexico. They obtained soil loss of 515.6 Mt/ha from a flat sandy soil and about 4.9 Mt/ha
from the same field with ridges of 25 cm high and 100 cm apart. According to the Armbrust et
al. (1964) study, estimated soil loss for this field with ridges would be about 310 Mt/ha.
Whereas, according to Fryrear (1984) the estimated soil loss would be about 46 Mt/ha.

Soil roughness has been expressed in different terms by various scientists. Zingg and Woodruff
(1951) described an index for soil roughness due to the ridges as follows:

K
H
Sr = ×4

2
       (1)

where
K

r
=  soil ridge roughness factor, cm

H =  ridge height, cm
S =  ridge spacing, cm.

Allmaras et al. (1966) developed a random roughness index (RR) to characterize soil surface
roughness due to aggregates. The term “RR” is based on the standard error of adjusted natural
log-transformed surface elevations. Before computation of this index, the effect of slope and
oriented roughness (OR) is removed. Also, to eliminate possibly erratic measurement effects, 10
percent of highest and lowest height measurements are eliminated.

Saleh (1993) developed a method to measure soil surface roughness using a roller chain. This
method is based on the principle that when a chain of given length (L1) is placed upon a surface,
the horizontal distance between chain ends (L2) will decrease as the roughness increases. Soil
surface roughness (C

r
) is calculated using the L2/L1 ratio as follows:

C
L
Lr = − ×( )1

2
1

1 0 0        (2)

The current roughness factor (K’) in the WEQ program does not include random (aggregates)
roughness effects and does not decay by rainfall. The objectives of this study are (I) to
incorporate the random roughness (aggregates) effects in the K’, (ii) to incorporate a function to



predict the K’ at any wind angle relative to the soil ridges, and (iii) to incorporate functions to
modify K’ (ridges and aggregates) with rainfall amount and rainfall erosivity index (EI).

METHODS AND MATERIALS

New Roughness Factor (K’):
Data from Fryrear (1984) (Table 1) was used to generate the roughness factor (K’) which
includes both random (aggregates) and oriented (ridges) roughness. K’ was obtained by
computing the ratio of measured soil loss from ridged and aggregated surfaces to that of a flat
surface. The following conditions are considered in K’.

1. Random roughness (RR):  aggregated field with no ridges
2. Oriented roughness (OR):  field with only ridges and no significant aggregates
3. Oriented and random roughness:  surface covered with both ridges and aggregates

Condition number 3 is more  representative of normal field conditions that 1 or 2.

Roughness Parameters:
Surface conditions similar to those used by Fryrear (1984) were recreated as follows:

1. Flat surfaces covered by triangular shaped ridges 0, 6.3, 12.7, and 25.4 cm high on a 1
    to 4 height-width ratio.
2. Nonerodible artificial clods 4.5 cm in diameter, 2.5 cm high, paraboloid in shape with
    flat bottom uniformly distributed on ridges to cover 20, 40, or 60% of the surface.

Surface random roughness was measured by the chain method (Saleh, 1993) as follows:

1.  A 0.01 m linked roller chain (ANSI 35 riv. Type) one meter long was laid out on the
     surface parallel to the ridges (when ridges existed).
2.  A caliper rod was used to read the linear distance (L2).
3.  Equation (2) was used to calculate C

r 
.

With no ridges C
rr
 is chain roughness due to random roughness.  The measurement of C

rr
 is made

with the chain parallel to the ridges.

Ridge heights (H) were determined from the maximum difference between elevations measured
parallel to tillage marks. Ridge spacing (RS) was determined by measuring the distance between
ridges. Equation (1) was used to calculate the ridge roughness factor (K

 r 
).

RESULTS AND DISCUSSION

Describing Soil Roughness:
As C

r r 
 and K

 r 
 increase, soil loss decreases. Table 1 also indicates that ridges (K

 r 
) more

effectively reduce wind erosion than random roughness (C
r r 

). To describe the integrated effect of
oriented and random roughness on K’, equation (3) was obtained by regressing K’ on K

 r 
 and C

r r

from Table 1.



K e K K Cr r r r' [ ]. . ..
= − −1 8 8 2 4 4 0 1 2 40 93 4        (3)

     R² = 0.984, P < 0.001

where
K’ =  roughness factor (0 for extremely rough surface, 1.0 for flat surface)
K

 r
=  soil ridge roughness factor, cm (see equation 1)

C
r r

=  soil random roughness parallel to ridges by the chain method.

Table 2 was developed by computing K’ using equation [3] with various K
 r 
 and C

r r 
.   For

example:
1.  For a surface with C

r r 
 = 10 and K

 r 
= 0 (no ridges), K’ = 0.29.

2.  For ridges 10 cm high and 40 cm apart, K
 r 
 = 10 cm (equation [1]).  With no

     aggregates (C
r r
 = 0) and a wind direction perpendicular to ridges (0 degree),  K’= 0.12.

3.  For a surface with aggregates (C
r r 

 = 10) and ridges (K
 r 
 = 10 cm) and a wind direction

     perpendicular to ridges (0 degree), K’ = 0.04.

Soil surface roughness is described for the two dominant directions (parallel and perpendicular to
the ridges). Saleh (1994) described a procedure to estimate soil roughness at any given angle (R

c
)

with respect to ridge orientation as follows:

R E E Ec = − − + − − −1 0 3 2 4 3 4 9 4 2 5 8 62 3. . . .[ ]θ θ θ        (4)

where   is the angle from the direction perpendicular to the ridges (degrees).

Equation (5) is used to compute K’ at any wind direction ranging from perpendicular to parallel
to the ridges:

K e R K K Cc r r r r' [ ]( )( ). . ..
= × − −1 8 6 2 4 1 1 0 1 2 40 93 4 .        (5)

At a direction parallel to the ridges, ridge effect is negligible and only random roughness
prevails.  With no ridges (K

r 
= 0) all K’ are equal regardless of wind direction. The K’ for ridged

fields with the wind at 90 degree (parallel to the ridges) equal the K’ for no ridge conditions
(Table 2). K ‘ at directions of 30, 45, and 60 degrees to perpendicular direction of ridges are also
presented (Table 2). For example, for K

 r 
= 10 cm (ridges 10 cm high and 40 cm apart) and C

r r 
 =

10:
at   0 degree K’ = 0.04

30 degrees K’ = 0.05
45 degrees K’ = 0.06
60 degrees K’ = 0.10
90 degrees K’ = 0.29 ( parallel to the ridges gives random roughness only) .



Soil roughness is a dynamic wind erosion control factor that is readily modified by tillage types
and direction and weather.

The RWEQ model decays roughness following a rainfall event. Field and laboratory experiments
were conducted to develop the relationship between surface random (C

r r 
) and oriented (K

 r 
)

roughness decay as a function of rainfall amount and rainfall erosivity index (EI) (Saleh, 1997).
Equation (6) was developed from regressing the log of RRR ( ratio of random roughness after
rainfall to initial random roughness) on CUMEI and CUMR:

R R R e D F CUMEI CUMR= − −[ ]( . . )0 0 0 0 9 0 0 0 0 7        (6)

    R2 = 0.95, P < 0.001

where
CUMEI =  cumulated EI, Mj-mm/ha-hr
CUMR =  cumulated precipitation, mm
DF =  decay factor based on soil clay and organic matter content.

The value of DF is obtained as follows:

D F e CLAY CLAY OM= − + − +[ . . . . .0 9 4 3 0 0 7 % 0 0 0 1 1 % 0 6 7 4 % 012        (7)

where
CLAY =  clay content, %
OM =  organic matter, %.

Equation (8) was obtained by regressing ORR (oriented roughness after rainfall/initial oriented
roughness) on cumulated rainfall (CUMR) and cumulated EI (CUMEI) .

O R R e D F CUMEI CUMR= − −[ ]( ). .. .0 0 2 5 0 0 0 8 50 31 0 56 7        (8)

              R2 $ 0.99, P < 0.001 .

Equations (6), (7), and (8) are used in RWEQ to describe the effect of for soil surface random
and oriented roughness on soil erosion by wind. For example, for a field with ridges 10 cm
height 40 cm apart (C

rr
 = 10), 10% clay, and 1% organic matter gives DF = 0.82 and K

 r 
= 10 cm.

After 200 mm of rainfall (assuming CUMEI = 1500 Mj-mm/ha-hr), K
 r
 = 7.1 cm (29% decay) ,

C
r r 

 would reduce to 2.96 (71% decay) , and K’ would increase from 0.03 to 0.11 (Table 2). This
means that soil surface roughness would be less effective in controlling erosion after the rainfall
event. Soil ridges decay at a much slower rate than aggregates. Therefore, ridges are more
effective than aggregates for controlling erosion over extended periods when the wind direction



is perpendicular to ridges, especially for high rainfall areas and irrigated lands. However, one
advantage of aggregates is that they protect the soil surface from erosion in all directions.

The soil surface random roughness of a soil surface can be estimated from direct observation,
photographs, or from chain method. In describing soil surface roughness, a “non-aggregated” flat
soil surface has no effect on wind erosion and K’ = 1.0 (Table 2). A field with “low aggregation”
has a surface composed of a low number of small aggregates (less than 5 cm in diameter, C

r r

<4.0 and >1.0) which results in K’ values ranging from 0.61 to 0.88 (Table 2).  A field with a
“medium aggregation”is composed of aggregates of less than 10 cm and greater than 5 cm in
diameter (C

r r 
 >4.0 and < 10.0) for which K’ ranges from 0.61 to 0.29 (Table 2). A field with

aggregates greater than 10 cm in diameter is considered as a “high aggregation” field (C
r r 

 >10.0)
for which K’ would be less than 0.29.

SUMMARY AND CONCLUSIONS

Soil roughness is one of the management tools used to control wind erosion. It is now possible to
(1) quickly measure soil surface roughness in the field using the chain method, (2) express these
measurements in terms of a soil roughness factor (K’) for wind erosion models, (3) express the
changes in K’ at any direction, and (4) decay surface roughness including ridges and aggregates
with rainfall amount and rainfall erosivity index (EI), and (5) estimate the protection level that
soil surface roughness might provide at different directions to the ridges during a wind erosion
event using the look-up table.  As Chepil and Woodruff (1963) stated soil roughness can reduce
wind erosion significantly by increasing nonerodible aggregates and raising the threshold wind
velocities at the surface.  Crop residues are the best management practice to control wind erosion
when appropriate environmental conditions (e.g. rainfall) exist. However, in semiarid regions
such as the Southern Great Plains, where the production of adequate residue is limited, soil
surface roughness induced by tillage is the primary means for effective wind erosion control.
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Table 1.  Soil ridge roughness (K
r 
) and soil loss data from Fryrear (1984), chain reading (C

rr 
),

and K’ calculated by dividing each soil loss by 285 (soil loss for flat, smooth surface).



Table 2.  Soil roughness factor (K’) using equation (3) with K
r
 and C

rr
 at 0, 30, 45, 60, and 90

degrees perpendicular direction to the ridges.
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