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ABSTRACT

Based on climate records, average global temperatures at the earth's surface are rising. Since global records began in the mid-19th century, the five warmest years have occurred during the 1990s and ten of the eleven warmest years have occurred since.  Based on a range of several current climate models, the mean annual global surface temperature is projected to increase by 1º to 3.5º C by the year 2100 and there will be changes in the spatial and temporal patterns of precipitation.  This paper reviews two recent studies on the potential effects of precipitation changes in the United States, including parts of southern Canada and Northern Mexico, on rainfall erosivity.  Results of Global Circulation Models from the Hadley Center in Reading, UK and the Canadian Climate Center for the period 2001 to 2100 are used. Changes in erosivity were estimated based on relationships between erosivity and both the modified Fournier coefficient and total annual rainfall, as developed by Renard et al. for the RUSLE model for weather station data in the United States.  Results show the potential for significant, and in some cases very large, changes in erosivity over the next century.  Results also point out both significant differences in some areas and significant similarities in other areas of the US.

RUSLE Erosivity calculations: 

Soil erosion rates may be expected to change in response to changes in climate for a variety of reasons, including, for example, changes in plant biomass production, plant residue decomposition rates, soil microbial activity, evapo-transpiration rates, soil surface sealing and crusting, as well as shifts in land use necessary to accommodate a new climatic regime (Williams et al., 1996).  However, the direct, and arguably the most consequential, effect of changing climate on erosion by water can be expected to be the effect of changes in the erosive power, or erosivity, of rainfall.  Studies using WEPP (Flanagan and Nearing, 1995) have indicated that erosion response is much more sensitive to the amount and intensity of rainfall than to other environmental variables (Nearing et al., 1990).  Warmer atmospheric temperatures associated with potential greenhouse warming of the earth are expected to lead to a more vigorous hydrological cycle, with the correspondent effect of generally more extreme rainfall events (IPCC, 1995).  Such a process may already be taking place in the United States.  Historical weather records analyzed by Karl et al. (1996) indicate that since 1910 there has been a steady increase in the area of the United States affected by extreme precipitation events (>50.8mm in a 24 hour period).  According to statistical analyses of the data, there is less than one chance in a thousand that this observed trend could occur in a quasi-stationary climate.  Karl et al. (1996) also observed in the weather records an increase in the proportion of the country experiencing a greater than normal number of wet days.  

Atmosphere-Ocean Global Climate Models also indicate potential future changes in rainfall patterns, with changes in both the number of wet days and the percentage of precipitation coming in intense convective storms as opposed to longer duration, less intense storms (McFarlane et al., 1992; Johns et al., 1997).

Rainfall erosivity is known to be strongly correlated to the product of the total energy of a rainstorm multiplied by the maximum 30 minute rainfall intensity during a storm (Wischmeier, 1959).  The relationship first derived by Wischmeier has proved to be robust for use in the United States, and is still used today in the Revised Universal Soil Loss Equation (Renard et al., 1997).  

A direct computation of the rainfall erosivity factor, R, for the RUSLE model requires long-term data for rainfall amounts and intensities.  Current global circulation models do not provide the details requisite for a direct computation of R-factors (McFarlane et al., 1992; Johns et al., 1997).  However, the models do provide scenarios of monthly and annual changes in total precipitation around the world.  Renard and Freimund (1994) recently developed statistical relationships between the R-factor and both total annual precipitation at the location and a modified Fournier coefficient (Fournier, 1960; Arnoldus, 1977), F, calculated from monthly rainfall distributions.     

The example study which we want to examine here was conducted by Nearing (in review), who recently used the erosivity relationships developed by Renard and Freimund (1994) to estimate the potentials for changes in rainfall erosivity in the United States during the 21st century under global climate change scenarios generated from two coupled Atmosphere-Ocean Global Climate Models.  The two coupled Atmosphere-Ocean Global Climate Models from which results were used were developed by the UK Hadley Centre and the Canadian Centre for Climate Modelling and Analysis.

The most current UK Hadley Centre model, HadCM3 (Gordon et al., 1960; Pope et al., 2000; Wood et al., 1999), is the third generation of Atmosphere-Ocean Global Climate Models produced by the Hadley Centre.  It simulates a 1% increase in greenhouse gases for the time period studied, as well as the effects of sulphate aerosols.  The model also considers the effects of the minor trace gases, CH4, N2O, CFC11, CFC12, and HCFC22 (Edwards and Slingo, 1998), a parameterization of simple background aerosol climatology (Cusack et al., 1998), and several other improvements over the previous Hadley Centre model, HadCM2.  Results from the model are reported on a 2.5( latitude by 3.75( longitude grid.

The Canadian Global Coupled Model, CGCM1 (Boer et al., in press), is composed of an atmospheric component based on the model GCMII (McFarlane et al., 1992) coupled with an ocean component based on the model GFDL MOM1.1(Boer et al., in press).  For the current study we used results from the simulation GHG+A1, which incorporated  an increase of atmospheric concentration of greenhouse gases (GHG) corresponding to an increase of 1% per year for the time period studied, as well as the direct forcing effect of sulphate aerosols (Reader and Boer, 1998).  The data from this model was presented on a Gaussian 3.75( by 3.75( grid.

Changes in rainfall erosivity for the two models were computed for two time intervals, 40 and 80 years.  In the first case the values of erosivity from the 20 year period from 2040 to 2059 were compared to the period 2000-2019, and in the second case the values of erosivity from the 20 year period from 2080 to 2099 were compared to the period 2000-2019.  Erosivity changes were computed in two ways: i) as a function of change in average annual precipitation for the twenty year periods using eqs. 11 and 12 from Renard and Freimund (1994), and ii) as a function of the Fournier coefficient for the twenty year periods using eqs. 13 and 14 from Renard and Freimund (1994).  


The erosivity results calculated from the Hadley Centre model analyses indicated a general increase in rainfall erosivity over large parts of the eastern United States, including most of New England and the mid-Atlantic states as far south as Georgia, as well as a general increase across the northern states of the U.S. and southern Canada (see maps in Nearing, in review).  The Hadley Centre results also indicated a tendency for erosivity increases over parts of Arizona and New Mexico.  Decreases in erosivity were indicated in other parts of the southwestern U.S., including parts of California, Nevada, Utah, and western Arizona. Decreases were also shown over eastern Texas and a large portion of the southern central plains from Texas to Nebraska.

The erosivity results calculated from the Canadian Centre for Climate Modelling and Analysis model also showed an increase in erosivity across the northern states of the U.S., including New England, and southern Canada (see maps in Nearing, in review).  The Canadian Centre model results also indicated a reduction in erosivity across much of the southern plains, again from Texas to Nebraska, but extending somewhat west of the corresponding area shown in the Hadley Centre results.  The Canadian Centre model did not show consistent results for the southeastern United States.  Results of the computations using the annual precipitation (see maps in Nearing, in review) indicate changes in parts of the southeast U.S. tending toward lower erosivity, corresponding to a tendency toward a decrease in the annual precipitation in that region.  Results of the erosivity computations using the Fournier coefficient indicate the possibility of little change or increases over part of the region for the 80 year comparison (see maps in Nearing, in review).  Calculated increases in erosivity using the Fournier coefficient suggest a change in the distribution of rainfall patterns through the year.  

Erosivity results calculated from the Canadian Centre for Climate Modelling and Analysis and the Hadley Centre models show major differences in the southwestern United States, including California, Arizona, Nevada, and Utah.  Whereas the Hadley Centre model results suggest a definite trend towards lower erosivity in this area, the Canadian Centre for Climate Modelling and Analysis model results suggest a definite, strong trend toward greater erosivity through the 21st century.   

The amount of inconsistency in the calculations from the two methods of calculating erosivity trends was, for the most part, similar between the two models (Table 1).  Overall, between 16 and 20% of the calculations resulted in negative values of the R-factor calculated from total annual rainfall, RP, when the R-factor calculated from the Modified Fournier coefficient, RF, was positive, or vice versa.  For the cases where both RP and RF were large, i.e., greater than 10%, those percentages were much smaller, although 7.6% of the pairs were inconsistent in this case for the Canadian model results for the 80 year time interval (2000-2019 to 2080-2099).  It is not out of the question to expect inconsistencies between results of RP and RF, since RP is based on total annual precipitation and RF is based on the monthly distributions of precipitation.  Both relationships are statistically based, and we have no reason to favor one over the other.

One might expect a consistent trend for the change of erosivity as a function of time, and in general this was true (Table 2).  In this case, the Canadian model exhibited more inconsistency as function of time when using the monthly precipitation values to calculate erosivity, though it was consistent temporally in terms of  the erosivity calculated using the annual precipitation.  

The RF values tended to show a somewhat greater magnitude, in terms of the average of the absolute value of percent erosivity change, than did the RP values (Table 3).  The difference between the two models in this regard was striking.  The Canadian model indicated a much greater level of erosivity changes overall as compared to the Hadley Centre model (Table 3).  Both models suggested erosivity changes which generally increased in magnitude from the 40 year to the 80 year comparison.

Effects of Precipitation Intensity Changes versus Number of Days of Rainfall:

Now we take a look at another study of the effects of precipitation changes on soil erosion rates, but this time we use the WEPP model.  As we mentioned above, historical weather records analyzed by Karl et al. (1996) indicate that since 1910 there has been a steady increase in the area of the United States affected by extreme precipitation events as well as an increase in the proportion of the country experiencing a greater than normal number of wet days.  The results given by Nearing (in review) discussed above provide a broad view of expected changes in erosivity based on the statistical models, but an important question not addressed is the expected differences in erosivity that come about relative to rainfall intensity versus a simple increase in the average number of rain days in a year.  Erosion is not linearly proportional to rainfall intensity (Wischmeier and Smith, 1978; Nearing et al., 1990).  

Pruski and Nearing (in review) recently performed computer simulations to obtain estimates of potential runoff and soil loss changes as a function of precipitation changes.  In particular they studied the different responses of the erosional system to changes in precipitation as they occurred with changes in rainfall intensities, including the amount of rainfall which occurs on a given day of rain, versus responses to changes in simply the average number of days of rain.  Assessments were made using WEPP for several combinations of geographic locations, soils, crops, and slopes.  Geographic locations included West Lafayette, IN, Temple, TX, and Corvallis, OR.  Soils were sandy clay loam, silt loam, and clay loam. Crops included grazing pasture, corn and soybean rotation, winter wheat, and fallow. Slopes were 3, 7, and 15%.  Three scenarios of precipitation changes were considered: a) all precipitation change occurring as number of days of rainfall, b) all precipitation change occurring as amount of rainfall in a given day, and c) half of the precipitation change occurring from each source.  Under these scenarios, and using the climate generator for WEPP, changes in the number of days of rainfall does not influence rainfall intensity, while changes in the amount of rainfall on a given day increases the duration, peak intensities, and average intensities of rain.  Levels of changes considered in each case were approximately zero, (10%, and (20% of total precipitation, with the same relative proportion of precipitation for the year maintained as a function of month.   

Erosion rates changed much more with changes in the amount of rainfall per precipitation event, which also implies changes in the rainfall durations and intensities for the events.  When total precipitation in this case was increased 10% in this case, soil loss increased an average of 26%.  Realistically, we can expect that any changes in precipitation will come as a combination of both changes in the number of wet days as well as in changes in the amount and intensities of rainfall.  As we discussed earlier, historical changes in rainfall over the past century have occurred in both of these terms (Karl et al., 1996).  For the combined case of both changes in wet days and changes in rainfall per day, Pruski and Nearing (in review) found that erosion responded intermediate to the two extremes.  For a 10% increase in total precipitation, simulated erosion increased an average of 16%.   

The average results for the combined case of changes in both number of days of precipitation and changes in amount of rain per day from the study of Pruski and Nearing (in review) are similar to those for the empirical relationship proposed by Renard and Freimund (1994) between erosivity and total annual precipitation for the RUSLE model as discussed above.  Using Renard and Freimund’s first equation for erosivity results in a 17% change as a function of a 10% change in total annual precipitation.  However, it is important to note that regardless of this fact, obtaining the broad scale erosivity change information similar to the information we obtained from the study discussed in the previous section (Nearing, in review) would have been extremely difficult using WEPP.

Now let’s look at some of the details of the results from the WEPP erosivity study.  Greater amounts and rates of runoff, other factors equal, will generally tend to cause an increase in erosion.  Increased runoff causes increased energy of surface flow, which increases the detachment capability and the sediment transport capacity of the flow.  Interrill erosion also increases with increased rain.    

The simulation results of Pruski and Nearing (in review) showed a general increase in soil loss with increase in precipitation, and vice versa (Table 4), however, the changes were generally not as great as for runoff (Table 5).  One major reason for the difference between the sensitivity results for runoff and those for soil loss is related to biomass production.  Both runoff and soil loss are sensitive to biomass, but soil loss is more so.  Soil loss is affected by plant canopy, which reduces the impact energy of rainfall; by crop residues which protect the soil from raindrop impact and reduce rill detachment rates and sediment transport capacities; and from sub-surface roots and decaying residue, which mechanically hold the soil in place and provide a medium for micro-organisms to live.  Thus, the increase of biomass production with increased rainfall tends to counteract to some degree the increased erosivity of the rain.  This argument is supported by the results of the simulations for fallow conditions in comparison to the other treatments.  The sensitivity values for the three precipitation scenarios for fallow conditions average 1.63 for soil loss and 1.55 for runoff.  Thus fallow was the only crop treatment for which the sensitivities for runoff were less than for soil loss. 

The difference between a sensitivity of 0.95 for soil loss and 1.06 for runoff for the fallow scenario of change only in the number of days of rainfall (Tables 4 and 5) can be explained in terms of surface sealing and consolidation processes.  Surface sealing and consolidation occur as a function of rainfall amount in nature and in the WEPP model (Flanagan and Nearing, 1995), so that any increase in rainfall will increase soil resistance to erosion via consolidation.  This process also acts as a feedback effect, similar to, but in less degree, the effect of biomass on partially offsetting the impact of increased rainfall on erosion.  Thus explains the lesser sensitivity of 0.95 for soil loss as compared to 1.06 for runoff.   

The soil loss sensitivity value for fallow conditions for the scenario of change in amount of rainfall per day was greater (2.22) than that for runoff (1.99), whereas for the other crops the trend was reversed (Tables 4 and 5).  Although the effects of surface sealing and consolidation as discussed above is present in this case, also, that effect is apparently superceded by yet another process when rainfall amounts and intensities per day are increased.  These processes were related to rill and interrill soil detachment processes.  Interrill erosion rates are represented in the WEPP model as proportional to the rainfall intensity and the runoff rate (Flanagan and Nearing, 1995), which are relationships based on experimental data (Zhang et al., 1996).  Since both of these variables increase with increased rainfall intensity, the effect of increased rainfall intensity on interrill erosion is greater than unity.  Also, rill erosion occurs as a threshold process.  Rill detachment occurs proportional to the excess shear stress of water flow above the threshold critical shear stress of the soil, rather than to the shear stress of the flow itself.  The overall effect is that the sensitivity of the rill erosion rate to runoff rate will be somewhat more than unity, other factors constant.  The effect is not present in the precipitation scenario of changes in the number of rainfall days because in that case, the average runoff rate is essentially not changing, but rather only the frequency of runoff events changes. 
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Table 1. Percentages of map grid cells in which changes over time in erosivity values, RP, calculated using precipitation were inconsistent in sign with changes in the values of erosivity, RF, calculated using the Fournier coefficient.

	
	Inconsistencies in Erosivity between RP and RF

	
	For all Data
	Where also both |RP| and |RF| > 10%

	Model Scenario
	40 Yr. Time Interval
	80 Yr. Time Interval
	40 Yr. Time Interval
	80 Yr. Time Interval

	
	(%)
	(%)
	(%)
	(%)

	HadCM3
	17.2
	16.2
	1.0
	1.5

	CGCM1 HG+A1
	17.4
	19.4
	0.7
	7.6


Table 2. Percentages of map grid cells in which changes over time in erosivity values calculated over the 40 year time interval were inconsistent in sign with changes in the values of erosivity calculated over the 80 year time interval.

	
	Inconsistencies in Erosivity between 40 and 80 Year Time Intervals

	
	For all Data
	Where also both the 40 y. |R| and the 80 yr |R| > 10%

	Model Scenario
	RP
	RF
	RP
	RF

	
	(%)
	(%)
	(%)
	(%)

	HadCM3
	16.2
	15.2
	1.5
	1.0

	CGCM1 HG+A1
	7.6
	23.6
	0
	5.6


Table 3. Average magnitudes (absolute values) of erosivity change calculated.

	
	Average Magnitude of Change

	
	40 Yr. Time Interval
	80 Yr. Time Interval

	Model Scenario
	RP
	RF
	RP
	RF

	
	(%)
	(%)
	(%)
	(%)

	HadCM3
	11.8
	16.5
	15.9
	20.9

	CGCM1 HG+A1
	23.4
	29.1
	53.4
	58.3


Table 4.  Sensitivities of changes in soil loss to changes in average annual precipitation.  Sensitivity values are calculated as the ratio of the percent change in soil loss to the percent change in precipitation.  Values represent averages for all simulation runs associated with the soil, crop, slope, or location listed in the first column.  Values greater than zero indicate that soil loss increases with increased annual precipitation.  A value of greater than one indicates a greater percentage change in soil loss than the percentage change in precipitation.

	
	Normalized sensitivity of soil loss to changes in average annual precipitation

	Scenarios
	Change in 

Number of Wet Days
	Change in 

Amount of Rain per Day
	Combined Changes in 

Both

	Silt Loam Soil
	0.90
	2.45
	1.72

	Sandy Loam Soil
	0.89
	2.60
	1.82

	Clay Soil
	0.79
	2.10
	1.46

	Grazing Pasture
	1.02
	2.66
	1.96

	Fallow
	0.95
	2.22
	1.71

	Corn and Soybean
	0.70
	2.46
	1.48

	Wheat Winter
	0.77
	2.18
	1.50

	S-shape (0%-3%-1%) 40 m
	0.92
	2.47
	1.71

	S-shape (0%-7%-1%) 40 m
	0.84
	2.40
	1.67

	S-shape (0%-15%-1%) 40 m
	0.82
	2.27
	1.61

	West Lafayette, IN
	0.74
	2.35
	1.56

	Temple, TX
	0.88
	2.10
	1.50

	Corvallis, OR
	0.92
	2.69
	1.93

	Overall Average
	0.85
	2.38
	1.66


Table 5.  Sensitivities of changes in runoff to changes in average annual precipitation.  Sensitivity values are calculated as the ratio of the percent change in runoff to the percent change in precipitation.  Values represent averages for all simulation runs associated with the soil, crop, slope, or location listed in the first column.  Values greater than zero indicate that runoff increases with increased annual precipitation.  A value of greater than one indicates a greater percentage change in runoff than the percentage change in precipitation.  

	
	Normalized sensitivity of runoff to changes in average annual precipitation

	Scenarios
	Change in 

Number of Wet Days
	Change in 

Amount of Rain per Day
	Combined Changes in 

Both

	Silt Loam Soil
	1.32
	2.57
	2.00

	Sandy Loam Soil
	1.31
	2.80
	2.17

	Clay Soil
	1.15
	2.17
	1.75

	Grazing Pasture
	1.54
	3.09
	2.41

	Fallow
	1.06
	1.99
	1.60

	Corn and Soybean
	1.32
	2.51
	1.97

	Wheat Winter
	1.21
	2.43
	1.91

	S-shape (0%-3%-1%) 40 m
	1.32
	2.59
	2.03

	S-shape (0%-7%-1%) 40 m
	1.29
	2.49
	1.98

	S-shape (0%-15%-1%) 40 m
	1.23
	2.42
	1.91

	West Lafayette, IN
	1.16
	2.61
	1.94

	Temple, TX
	1.19
	2.25
	1.73

	Corvallis, OR
	1.50
	2.64
	2.23

	Overall Average
	1.28
	2.50
	1.97
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