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Abstract

The long-term dense precipitation records provide important information to understand rainfall erosivity
and soil erosion in semi-arid rangelands. This paper investigates the temporal trends of changes in
rainfall, rainfall erosivity, and the responses of runoff and sediment on the WS103 watershed, a small
semiarid rangeland watershed in the Walnut gulch Experimental Watershed, Tombstone, Arizona. A
difficulty of analyzing long-term time series of rainfall characters and soil erosion indicators lies in the
analogue-to-digital changing of rainfall gauge system in 1999. Extending from a previous research that
compares the influence of system alteration to annual rainfall records and peak rainfall intensity, our study
further compares event statistics: rainfall characters and rainfall erosivity per event, as well as number of
events and significant events. After determining the influence of the digital-to-analogue system alteration

to time series analysis, the time series structural stability is analyzed with a parametric and a non-



parametric time series structural change detection methods. Finally, the trends of the time series of rainfall

characters and theirs effects to soil erosion are quantified with the GLS (general least square) model.

Key words: precipitation event dynamics, rainfall erosivity, time series structural change, analogue-to-

digital system conversion, range-land rainfall gauge data.



1. Introduction

Global climate change is expected to impact precipitation characteristics, such as precipitation amount,
intensity, frequency and type (IPCC Climate Change 2007). The change in frequency and patterns of
precipitation events are the most direct mechanisms to affect soil erosion and runoff worldwide, including
in semiarid range and pasture lands (Nunes et al., 2009; Zhang et at., 2009; Goodrich et al., 2008b;
Renard et al., 2008b; Nearing, 2001). Quantifying the temporal trends in event precipitation
characteristics is thus important for analyzing climate effects on soil erosion and runoff. The detailed
precipitation records collected on the US Department of Agriculture — Agricultural Research Service
(USDA-ARS) Walnut Gulch Experimental Watershed (WGEW) offer the opportunity for the temporal
quantification of precipitation events for the past 50 years. Previous analyses of observed long-term
temporal variability of precipitation within the WGEW include Nichols et al. (2002) and Goodrich et al.
(2008Db). Nichols et al (2002) selected six rainfall gauges to represent the precipitation of the WGEW and
analyzed the temporal precipitation trends from 1956 to 1996 at annual, seasonal and event scale. In the
study of Goodrich et al. 2008, the six rainfall gauges explored in Nichols et al (2002) were extended
spatially and temporally to include the entire rainfall gauge network and an additional ten years. Both of
these studies investigated the precipitation trends and event characteristics on an annual basis. The
significant temporal trends of annual and winter precipitation found by Nichols et al. (2002) were not
reported in the study of Goodrich et al. (2008) when taking the additional ten years, which included a

period of extreme drought, into account.

The rainfall erosivity is a measure of rainfall’s ability to cause erosion when factors other than rainfall are
held constant. The numerical values used for rainfall erosivity reflect the amount and rate of soil erosion
that are likely to be associated with the raindrop energy and runoff. Many studies have focused on
selecting appropriate rainfall erosivity factors (Dijk 2002). A direct computation of rainfall erosivity

requires long-term data for both the rainfall amount and rainfall intensity. The properties of raindrops and



kinetic energy are among the most frequently used parameters to develop erosivity indices. The most
frequently used indices on rainfall erosivity are calculated as multiplication of rainfall amount and
maximum rainfall intensity (i.e., rainfall erosivity = rainfall amount xmaximum rainfall intensity , Lal
1976), multiplication of kinetic energy (E) and 30 minutes (mins) peak rainfall intensity (I130) (ExI30,
Wischmeier and Smith 1958), and total kinetic energy of all the rain falling at more than 25 mm/h (Dijk,
2002). The accuracy of these R indices is affected by climate effects. For example, an erosivity index of
the form Lal (1976) may give better correlations with soil loss amounts in the studied regions than the
EI30 index if the total storm energy is almost directly proportional to rainfall amount (Hussein et al.,

1994), or if the rainfall amount and intensity are lower (Kiassari et al., 2012).

The breakpoint and pluviograph data from WGEW allow for the accurate and consistent delineation of
rainfall and runoff events, which are identified by the precise beginning and end time of the process. A
rainfall event begins when the rain gage detects measurable rainfall, and two storm events are considered
as separate events when a period of one hour or more are observed without rainfall (Goodrich et al.,
2008a). A rainfall event is characterized by event precipitation amount, 30-mins event intensity, and event
duration (Nichols et al., 2002), or time to peak, peak intensity, and storm duration (Nicks et al., 1995). A
runoff event begins when the flume detects a measurable runoff, and two runoff events are considered as
separate events when a period of one hour or more are observed without any runoff (Stone et al., 2008).
The runoff event is characterized by a full hydrograph, which allows the comparison to simulations of

volume of runoff, peak rate, and event duration (Stone et al., 2008).

Rainfall events that are most likely to generate runoff are called significant rainfall, and are determined
when the I30 passes a threshold. The significant rainfall events are important in explaining the
occurrences of runoff events (Osborn, 1969). The threshold of for a significant rainfall to occur may vary

depending on the land cover type. In particular, Goodrich et al. (2008b) defined a threshold of 25 mm/h



for the WGEW. The objectives of this research are to investigate the effect of analogue-to-digital rainfall
gauge conversion to long-term time series analysis and to analyze the time series structure and to quantify

the temporal trends of rainfall event characters

2. Data

2.1 Study Site

The 150 km?-Walnut Gulch Experimental Watershed (WGEW) (31. 43° N, 110. 410° W) (Figure 1.1) in
southwestern Arizona, which is one of the two USDA-ARS Southwest Watershed Research Center
(SWRC) experimental watersheds on western rangelands. WGEW is one of the most intensively
instrumented semiarid experimental watersheds of the world (SWRC, 2011). Hydro-meteorological and
soil erosion data are collected from 125 instrumented installations on the WGEW. Precipitation is
measured with a network of 88 weighing type-recording rain gages distributed throughout the watershed
(SWRC, 2011). WGEW is contained within the 7,600 km? upper San Pedro River Basin, with the main
channel of the watershed an ephemeral tributary of the San Pedro River. The primary land use is cattle
grazing, with mining, limited urbanization and recreation consisting the remaining uses (SWRC, 2011).
The mean annual temperature at the WGEW is approximately 18° C, and approximately two-thirds of the

annual precipitation occurs in the “monsoon” season from July to September (Nichols et al., 2002).

The study area is located in a 3.7 hectare (ha) shrub dominated, semiarid subwatershed of WGEW with
the historical name Lucky Hills (Figure 1). As it is officially numbered 103 by SWRC, this subwatershed
is called WS103 in this study. The WS103 is chosen because it has the most complete rainfall records
compared to the other subwatersheds. The recorded mean annual precipitation measured at the WS103
was 292 mm. The mean annual temperature is 17°C ranging from 1°C in January to 35°C in June (Ritchie

et al., 2005). The mean elevation of the WS103 watershed ranges from 1363 m to 1375 m (Ritchie et al.,



2005) and the mean hill slope gradients of the WS103 is 7.7% (4.4°) (Nearing et al., 2005a). The canopy
cover during the rainy season is approximately 25% and the ground has approximately two-thirds rock
cover and one-third bare soil. Dominant shrubs include Creosote and Whitethorn. The soils are mapped as
McNeal Gravelly Sandy Loam, with 25% rock fragments in the surface area layer. The surface layer is
composed of 60% sand, 25% silt, and 15% clay (Nearing et al., 2005b). The WS103 watershed has
historically served as grazing land for cattle and horses but is too degraded to support vegetation
sufficient for grazing today. Several causes for the general change from grasses to shrubs have been
suggested including climatic, grazing, and fire (Nearing et al., 2005a). No major land cover change could

be detected in the watershed since 1963 when the area was fenced.
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Figure 1 Map and location of Walnut Gulch Experimental Watershed, Tombstone, Arizona.

The dots indicate the distribution of rain gages and flumes as indicate in legend (adapted from USDA-ARS
Southwestern Watershed Research Center website- http:/www.tucson.ars.ag.gov/ )

2.2 Rainfall records

Rainfall recorded in Gage 83 of the WS 103 was used for precipitation analysis. The records are available
from 1963 till 2013. The precipitation data were recorded from two types of recording systems before and
after 1999 in WGEW. The network consisted of analog- recording mechanical weighing rain gages

(referred to as “analog”) before 2000. From 1999, the digital-recording electronic weighing rain gages


http://www.tucson.ars.ag.gov/
http://www.tucson.ars.ag.gov/

(referred to as “digital”’) were placed adjacent (1m-separation distance) to the analog gages and recorded
the precipitation instead of the analog-recording rain gage. One year overlap of digital and analog data of
1999 are available in Gage 83. The digital-to-analog transition effects were adjusted based on this year of

overlap.

3 Methods

3.1 Rainfall characteristics and erosivity

The number of events, peak 30-mins rainfall intensity (I30), number of significant events (the 130 that are
larger than 25 mm/h), average event precipitation amount, average rainfall event duration, rainfall
erosivity, 130 of significant rainfall event (Ir30) , and rainfall kinetic energy were used to represent

rainfall characteristics and energy dynamics.

In this study, rainfall erosivity (MJ mm ha™! h''yr) is calculated as total E (MJ ha') times 130 (mm h™).
This product reflects the combined potential of rainfall impact and turbulence of runoff to transport

detached soil particles from the field (Wischmeier and Smith, 1958). The E is calculated as:

E=>Y%ev: [2.1]

where E is the total kinetic energy, where vr is the total volume of the rainfall and er is the kinetic energy:

er= em*[1-a*exp (b*i;)] (MJ mm™! ha) [2.2]

where em denotes maximum kinetic energy contents, a and b are empirical constants. The coefficient a,

together with em determines rainfall energy attained at very low rainfall intensity. The coefficient b



determines how the kinetic energy approaches em with rainfall intensity. In this experience, em = 0.29,

a=0.72, b=-0.05 (Brown and Foster, 1987).

3.2 Visualizing long-term moving average trend.

We firstly visualize 30-year moving average data of rainfall and rainfall erosivity. The 50 years of
precipitation records were divided into 21 30-year climate periods (from the period: 1963-1992 to 1983-
2012 with a one-year moving step (e.g., 1963-1992, 1964-1993, 1965-1994...). This 30-year analysis is in
accordance with the recommended period length as a definition for climate of World Meteorological
Organization (WMO, 2007). In addition, hydrological soil models such as WEPP needs at least 30 years

of climate data to simulate stable soil erosion and runoff (Baffaut et al., 1995).

3.3 Quantifying the influence of analogue-to-digital conversion to long term rainfall and erosivity

variability analysis

Keefer et al. (2008) compares annual rainfall characters. In their studies, the annual total depth and annual
total duration are not affected by the analogue to digital conversion. However, their study does not include
analyses on rainfall characters of each event (e.g. rainfall depth per event), which are closely transition on
rainfall events, and the influence on the significant rainfall events, rainfall energy and erosivity.
Specifically, we investigate the influence of analogue-to-digital conversion to: 1) the number of events,
event duration, 130 per event, rainfall depth per event, and EI30 (E times 130) per event. 2) Ir30 and the
number of events of significant rainfall events. We investigate the influence using the same linear

regression method as was used in Keefer et al. (2008).

3.4 Annual time series stability of and trend analysis



A parametric and a nonparametric (i.e., distribution free) time series structural change methods were used
to test the stability of the time series. These two methods were used for cross-validation purpose. The
parametric method uses a moving cumulative (MOSUM) test of regression residuals that is implemented
under an empirical fluctuation process (EFP, Zeileis 2003). Because the EFP assumes independent time
series, an AR(1) integrated EFP model described in Lu et al., (2016) was used. The breakpoints will be
located based on a method that iteratively minimizing sum of squared residuals to find the optimal
location of the change (Bail998, Bai2003, referred to as BP method) once the MOSUM test suggests a

breakpoint in time series.

The non-parametric method is called ecp and was developed by James et al. (2013). The ecp method
detects changes in marginal and joint distribution of multiple variables between time series segments
using a weighted distant measure between two segments. A time series is iteratively segmented and tested
with a permutation test to locate a change point (James et al. 2013). As the annual time series is

unaffected by seasonality effects, the ecp method is suitable to be applied.

Afterwards, a general least square (GLS) model with an AR(1) model to account for serial correlation is

applied to quantify the general trend of each stable time series segment as well as the whole time series.

4 Results

4.1 Visualizing temporal trends of change in rainfall and rainfall erosivity

The temporal variability of number of events, number of significant events, average event precipitation
amount, average 30, average rainfall event duration, rainfall erosivity, average Ir30, and rainfall energy

can be seen in Figure 2. Decreases in average event amount, average 130, average event duration, and



rainfall energy are observed. The number of events increased. Average Ir30 and rainfall erosivity shows a

drop from the 8% period (1971-2000) to the 14™ period (1977-2006).

4.2 Influence of digital-to-analogue conversion on event data and rainfall erosivity.

Compared to the analogue system, the digital system is characterized by more events records and each
event has shorter duration and less rainfall depth recorded. These are clearly shown in the trend of these
variables in Figure 2. Our results show that the 130, Ir30 and EI30 are unaffected by the system

conversion. The changes are listed below:

Table 1: Comparison of rainfall event data between analogue and digital systems of rainfall gauge 83.

Analogue system Digital system
Number of events 51 63
Average event duration (min) 94 min 66 min
Average Rainfall depth per 5.54 mm 4.82mm
event (mm)
Number of significant events 3 3
Average Ir30 (mm/h) 33.65 34.88
R square of 130 between two 0.96
systems
R square of EI30 between 0.97

two systems




Table 2: Comparing to the results of Keefer et al. (2008), 130 indicates peak 30 mins rainfall intensity,
from analogue to digital system:

Rainfall characters Keefer et al., 2008 Our study
Aggregated statistics

Annual total depth unaffected -

Number of significant events - unaffected
Annual total duration unaffected -

Annual 130 unaffected unaffected
Annual total events - More

Event statistics

Event duration per event - shorter
Rainfall amount per event - less
Peak intensity per event, Influence of analogue- 130 unaftected

to-digital conversion
diminishes over time,
i.e., digital to analogue
effect: peak intensity >
peak 2min > peak 5
min > peak 30min

130 of significant event (event - unaffected
with I30 larger than 25mm/min)
Erosivity (EI30) - unaffected

10
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Figure 3 Comparison between analogue and digital system. Left: EI30, right: 130. The y-axes indicate

digital system and the x-axes indicate analogue system. The red lines are the 1:1 line.

4.2 The variability of annual rainfall characteristics and rainfall erosivity

The annual time series analyses show no trend for the rainfall amount, Ir30, and rainfall erosivity. Annual
average rainfall energy and 130 both have downward trends. The EFP and ecp tests lead to the same
results and indicate these trends are caused by abrupt changes occurred in the year 1992. Figure 7 shows
the annual total 130 and rainfall energy stay stable, this explains the stable rainfall erosivity despite the

change in annual average 130 and rainfall energy is because the annual total 130 (a) and E (b) also stays

stable.

12
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Annual rainfall erosivity
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5 Discussion

This study consists of three parts: 1) Visualizing the trends of rainfall characters using a long term moving
window. 2) Understanding the impact of analogue-to-digital system conversion from the year 1999 to the
long-term time series of rainfall characters. 3) Quantifying time series trends of annual rainfall events

characters.

The benefit for using long-term climate instead of yearly analysis, in addition to being more fit for
hydrological modeling, is that the averages of the long periods rule out weather variability and shows a
significant trend of climate change. However, the transition from analogue to digital data significantly
affects some of the rainfall character variables, particularly number of events and event duration. The
differences between analog data and digital data were compared with an overlapping year of 1999. The
decreasing trends in average rainfall event amount and average rainfall event duration from a 30 years
climate perspective are affected by the digital-to-analogue system conversion. The result was based on
the assumption that this one-year is sufficient to represent the analog to digital transition of the other
years. In any case, the differences from transitioning from analog to digital data should not be

underestimated or omitted.

The rainfall energy and yearly averaged 130 are not affected by the digital-to-analogue system conversion.
The time series structural change analyses indicate changes of the mean of time series in the year 1992.
Before and after 1992 there is no trend in time series segments. These abrupt change occurred in 1992 did
not affect rainfall erosivity, which shows no temporal trend during the whole study period. The reason

that the rainfall erosivity is unchanged despite the change in annual average 130 and rainfall energy is

17



because the annual total 130 and E stay stable. The decreasing trends of 130, rainfall energy indicated less

rainfall intensity and less energy to detach soil on site.

Our study shows the Ir30 is also not affected by the digital-to-analogue system conversion, which is in
consist with Keefer et al. (2008). Though there is no linear trend for rainfall erosivity and Ir30 for the
whole 21 30-year climate periods, there are significant trends for the first 15 periods and last 6 periods,
which indicate an increase in rainfall intensity when considering the year 2006 and beyond into account.
The increasing trends of Ir30 of the last 6 periods indicate the increasing trend in rainfall intensity of
extreme (or heavy) rainfall events for the latest periods. However, longer climate records are needed for
the future trend of Ir30 to identify if the increase of Ir30 is due to the more extreme events. In addition,
the sharp decrease of Ir30 from the 8 period (1971-2000) to the 14 period (1977-2006) may reflect the
drought from the year 2000 - 2006. The curves of Ir30 and rainfall erosivity matched well with each other.
These results may suggest that the effect of using the EI30 and using Ir30 alone as rainfall erosivity index
is similar. This non-linear temporal dynamics of Ir30 and rainfall erosivity could not be observed with
yearly climate analysis. The detected trends reflect the climate change onsite; however, periods longer

than 50 years may be needed to quantify the trends of precipitation.

The parametric and non-parametric methods obtained the same results. The breakpoints are detected at
the same time. As there is no other validation data, the same results obtained by statistically different
methods indicate the breakpoints detected is reliable. The parametric model is theoretically more subject
to serial correlation, the same results it obtained with the non-parametric model may indicate the
insignificant influence of serial correlation in the time series for time series structural change detection. In
addition, these two approaches are both successful owing to the lacking seasonality of annual time series.

Further study can compare these two methods with monthly or finer temporal resolution time series.

18



5 Conclusion

Precipitation data from the year 1963-2012 in Gage 83 on the WS103 watershed were used for
precipitation trends analysis and the potential effects of climate change on soil erosion and runoff. The
serial correlation and analog-to-digital transition effects on climate analysis were determined and
adjusted. Our study extends from the study of Keefer et al. (2008) to event statistics. Ir30 and rainfall
erosivity are highly correlated. A breakpoint is detected on yearly average 130 in 1992, which combining
with the analyses of Keefer et al (2008) and our study that the analogue-to-digital system conversion is
not a cause, may indicate an abrupt climate change. The change in 130 leads to the decrease of rainfall

energy; however, the rainfall erosivity is more closely related to Ir30 and lacks temporal trend.
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