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Variability in Rainfall at Monitoring Stations and 
Derivation of a Long-Term Rainfall Intensity Record in the 
Grand Canyon Region, Arizona, USA 

By Joshua Caster and Joel B. Sankey

Abstract
In this study, we examine rainfall datasets of varying 

temporal length, resolution, and spatial distribution to 
characterize rainfall depth, intensity, and seasonality for 
monitoring stations along the Colorado River within Marble 
and Grand Canyons. We identify maximum separation distances 
between stations at which rainfall measurements might be most 
useful for inferring rainfall characteristics at other locations. 
We demonstrate a method for applying relations between daily 
rainfall depth and intensity, from short-term high-resolution data 
to lower-resolution longer-term data, to synthesize a long-term 
record of daily rainfall intensity from 1950–2012. We consider 
the implications of our spatio-temporal characterization of 
rainfall for understanding local landscape change in sedimentary 
deposits and archaeological sites, and for better characterizing 
past and present rainfall and its potential role in overland flow 
erosion within the canyons. We find that rainfall measured 
at stations within the river corridor is spatially correlated at 
separation distances of tens of kilometers, and is not correlated 
at the large elevation differences that separate stations along 
the Colorado River from stations above the canyon rim. These 
results provide guidance for reasonable separation distances 
at which rainfall measurements at stations within the Grand 
Canyon region might be used to infer rainfall at other nearby 
locations along the river. Like other rugged landscapes, spatial 
variability between rainfall measured at monitoring stations 
appears to be influenced by canyon and rim physiography 
and elevation, with preliminary results suggesting the highest 
elevation landform in the region, the Kaibab Plateau, may 
function as an important orographic influence. Stations at 
specific locations within the canyons and along the river, such as 
in southern (lower) Marble Canyon and eastern (upper) Grand 
Canyon, appear to have strong potential to receive high-intensity 
rainfall that can generate runoff which may erode alluvium. The 
characterization of past and present rainfall variability in this 
study will be useful for future studies that evaluate more spatially 
continuous datasets in order to better understand the rainfall 
dynamics within this, and potentially other, deep canyons.

Introduction
The Grand Canyon region (fig. 1) is an iconic dryland 

environment with complex geologic and biophysical 
characteristics that are ever changing in response to weather 
and climate. Long-term monitoring of discharge and 
sediment loads of the Colorado River and its tributaries, 
as well as monitoring of rainfall at the headwaters of the 
tributary watersheds, are integral to tracking the physical 
evolution of the river channel and riparian zone within 
Marble and Grand Canyons (Topping and others, 2000; 
Webb and others, 2000; Griffiths and others, 2014). For 
those areas within the canyons that are not in the riparian 
zone or active river channel, the physical evolution of the 
landscape is predominantly driven by local and regional 
weather conditions, specifically rainfall-induced overland 
flow (rainfall runoff; Hereford and others, 1993; Draut 
and Rubin, 2008; Draut, 2012; Schott and others, 2014; 
Pederson and O’Brien, 2014). For example, erosion induced 
by rainfall runoff at archaeological sites that are located 
on river terraces, debris fans, and hillslopes bordering the 
Colorado River within Grand Canyon National Park has been 
well documented (Jones, 1986; Hereford and others, 1993; 
Fairley and others, 1994; Pederson and O’Brien, 2014), 
particularly after intervals of multiple years with above-
average rainfall within the region (Hereford and others, 
1993, 2014). Although rainfall is not the only factor in the 
production of runoff, characterization of rain depth, intensity, 
and timing (seasonality) are useful for understanding the 
potential generation of rainfall runoff, both dependent and 
independent of other physiographic factors. Quantification of 
the spatial and temporal variability of these rainfall variables 
is therefore essential to understanding the mechanisms 
that control past, present, and future runoff erosion. By 
examining rainfall characteristics from the available data in 
the Grand Canyon region, we can better assess the potential 
effects of rain variability on overland flow erosion, and begin 
to explore its influence on local landscapes within Marble 
and Grand Canyons. 
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The longest time period of available rainfall records 
within the Grand Canyon region are from National 
Oceanographic and Atmospheric Administration (NOAA) 
cooperative observer stations (Hereford and others, 2014). 
While several NOAA stations are located within the region 
and above the rim of Marble or Grand Canyons, two NOAA 
stations are located along the Colorado River (fig. 1). The two 
station locations, Phantom Ranch in Grand Canyon and Lees 
Ferry near the boundary of Glen and Marble Canyons, have 
been in concurrent operation since 1933. These stations record 
multiple parameters including daily rainfall depth. Whereas 
these data are invaluable for understanding past rainfall at 
coarse temporal resolution, the data resolution is not sufficient 
to assess subdaily rainfall characteristics such as event-based 
intensity. Moreover, the two station locations are not sufficient 
to assess spatial variability of rainfall within the canyons and it 
is unclear how nearby locations outside of the canyons, above 
the rims, might represent inner-canyon conditions. Additional 
monitoring efforts at more locations have provided high-
resolution weather data that are more sufficient to characterize 
subdaily variability in rainfall (Draut and others, 2009a,b, 
2010; Caster and others, 2014; Griffiths and others, 2014). 
These datasets are not spatially continuous (fig. 1), nor are 
they as temporally rich as the long-term cooperative observer 
stations (Draut and others, 2009a), but they do provide the best 
observational data currently available. In this study, we build 
upon previous work (Griffiths and others, 2014; Hereford 
and others, 2014) to integrate monitoring datasets that vary in 
length, resolution, and spatial coverage in order to characterize 
temporal and spatial variability in rainfall depth, intensity, and 
timing at stations in the Grand Canyon region. We identify 
maximum separation distances between stations at which 
rainfall measurements might be most useful for inferring 
rainfall at other locations. We consider the implications of our 
spatio-temporal characterization of rainfall for understanding 
landscape change in sediment deposits and archaeological 
sites of the river corridor and for better characterizing past, 
present, and future rainfall and runoff potential.

Materials and Methods
Rainfall data were compiled for analysis from three 

sources of monitoring data with unique spatial distribution, 
data resolution, and period of record across the study area. For 
this study, the region of interest focused on the river corridor 
downstream of Glen Canyon Dam within Marble and Grand 
Canyons, and a part of Glen Canyon (fig. 1) (heretofore 
and hereafter the Grand Canyon region). For the purposes 
of discussion, Marble Canyon has been divided into three 
subsections: northern (upper) Marble Canyon, from Lees Ferry, 
Arizona to approximately 60 km (37.5 miles) downstream 
of Glen Canyon Dam; central Marble Canyon, between 
approximately 60 km and 112 km (70 miles) downstream of 
Glen Canyon Dam; and southern (lower) Marble Canyon, 

between 115 km downstream of Glen Canyon Dam and the 
confluence with the Little Colorado River (approximately  
78 miles downstream of Glen Canyon Dam; fig. 1). Similarly, 
Grand Canyon was subdivided into three reaches: eastern 
(upper) Grand Canyon, from the terminus of southern Marble 
Canyon (at the confluence with the Little Colorado River) 
to approximately 225 km (140.5 miles) downstream of Glen 
Canyon Dam; central Grand Canyon, from approximately  
225 km to 325 km (203 miles) downstream of Glen Canyon 
Dam; and western (lower) Grand Canyon, from approximately 
325 km to 450 km (281 miles) downstream of Glen Canyon 
Dam (fig. 1).

Grand Canyon Monitoring and Research Center 
Inner Canyon Stations (GICS)

In 2007–08, the U.S. Geological Survey (USGS) Grand 
Canyon Monitoring and Research Center (GCMRC) deployed 
11 automated weather stations at 8 monitoring stations 
distributed across 320 km of the Colorado River. Each of 
these stations is adjacent to the river and located within either 
Marble Canyon or Grand Canyon. Five of the monitoring 
stations were located near previous rain gauges in operation 
between 2003–06 (Draut and Rubin, 2005, 2006). The 11 
automated weather stations used in this study incorporated 
a Vaisala WX510/520 transmitter to record air temperature, 
barometric pressure, precipitation, relative humidity, wind 
speed, and wind direction at four-minute intervals (Draut and 
others, 2009a,b, 2010; Dealy and others, 2014; Caster and 
others, 2014) from 2007–10. The Vaisala transmitter uses a 
piezoelectric sensor to collect rainfall depth at a submillimeter 
resolution. Following a two-year hiatus at the eight monitoring 
stations in 2011–12, data collection resumed at three existing 
monitoring stations and began at three new monitoring 
stations; data were recorded at those six stations beginning in 
2013 and continuing as of this writing (2015; fig. 1; Caster and 
others, 2014). 

Marble Canyon Gauge Network (MCGN and 
MCGN-Kaibab)

GCMRC also maintains a network of 29 tipping-bucket 
rain gauges that were deployed in the early 2000s around 
Marble Canyon and record rainfall depths ≥0.254 mm (Griffiths 
and others, 2014). Most of these gauges are located above the 
canyon rim along tributaries of the Colorado River, however, 
six are located just below the rim and one, in Glen Canyon, 
is located near the river (Griffiths and others, 2014). Of the 
29 gauges, 25 were selected for this study based on spatial 
distribution and operation periods. Eighteen of the gauges used 
in this study are located at lower elevations east of the Kaibab 
Plateau (henceforth MCGN), and seven of the gauges are 
located at higher elevations on the Kaibab Plateau (henceforth 
MCGN-Kaibab). 
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NOAA Cooperative Observer Stations (NOAA 
COOP)

The National Weather Service (NWS), part of the National 
Oceanographic and Atmospheric Administration (NOAA), 
maintains numerous cooperative observer program (COOP) 
stations on the Colorado Plateau. There are 30 NOAA COOP 
stations in the Grand Canyon region (appendix 1) with a 
combined record extending back to 1915 (Hereford and others, 
2014). There are four NOAA COOP stations that are either 
adjacent to, or within, Glen, Marble, or Grand Canyons that 
have concurrent data extending back to the 1960s. Two of those 
four stations are situated at substantially higher elevations above 
the rims of Glen and Grand Canyons. The other two stations, 
Lees Ferry and Phantom Ranch, are adjacent to the Colorado 
River (fig.1) and have a longer period of record, but are located 
in significantly different parts of the river corridor in terms of 
canyon physiography. The Lees Ferry station is at the upstream 
end of Marble Canyon in a relatively open area between Marble 
and Glen Canyons. The Phantom Ranch station is in the Inner 
Gorge of Grand Canyon, a reach characterized by steep canyon 
walls and a narrower river channel. Both stations have been 
subject to minor location changes (Lees Ferry in 1965 and again 
in 1991; Phantom Ranch in 1966) but have been located in the 
same general areas since 1950. Rainfall records are typically 
collected using a standard 203.2 mm (8-inch) rain gauge (SRG) 
tube and are recorded daily at a resolution of 0.254 mm (National 
Oceanographic and Atmospheric Administration, 2014).

Short-Term Spatial Rainfall Variability
Spatial variability in daily rainfall was analyzed for 

the GICS and MCGN datasets acquired between 2007–10, 
a period representing the largest spatial dataset of rainfall 
monitoring stations operating concurrently within Marble 
and Grand Canyons. Pearson correlation coefficients were 
determined for daily rainfall between concurrently operating 
stations, omitting days with no recorded data (owing to 
occasional equipment malfunction) and omitting days when 
no rain was observed at every station within each dataset 
(in other words, for a given day, data were included for all 
stations as long as all stations were operational and at least one 
station received rain). Correlation was analyzed as a function 
of horizontal (Euclidean without regard to vertical difference) 
and vertical (elevation) separation distances between stations. 
The relationships for daily rainfall between each station were 
heteroscedastic, with a greater variance near the low range of 
daily rainfall (daily rain accumulations at or near zero). The 
heteroscedasticity was at least partly due to the fact that the 
data contained days with no rain and days with rainfall. To be 
conservative, only Pearson correlation coefficients greater than 
or equal to 0.8 were considered correlated, and coefficients 
greater than or equal to 0.9 were considered strongly 
correlated.

Spatial variability of seasonal and annual rainfall was 
analyzed for all data acquired at the GICS stations and the Lees 
Ferry and Phantom Ranch NOAA COOP stations (henceforth 
collectively referred to as river stations). Analysis of seasonal 
and annual rainfall was restricted to rainfall recorded during 
2008–10 when stations operated concurrently for more than 
90 percent of the days; staggered installation and maintenance 
issues at GICS sites did not provide comparably consistent 
and concurrent records during 2007 (Draut and others, 2009a; 
Caster and others, 2014). The mean rainfall by season for the 
3-year interval from 2008 to 2010 was calculated for each 
station. Seasons were defined as dry season from April 1 to 
June 30, warm season (in other words, summer thunderstorm 
season) from July 1 to October 7, and cool season from October 
8 through March 31 of the following calendar year (Hereford 
and others, 2014). 

The mean annual rainfall, and the ratio of warm season 
to cool season rainfall (warm:cool), were calculated for the 
2008–10 time period for each station in all datasets (GICS, 
MCGN, MCGN-Kaibab, NOAA COOP). The annual rainfall 
was determined from October 8 of the previous year to October 
7 of the stated year. Spatial variability in rainfall was examined 
by plotting the ratio of warm to cool season means as a function 
of mean annual rainfall for (1) the river stations (all GICS, and 
the Lees Ferry and Phantom Ranch NOAA COOP stations), 
and (2) the rim stations (MCGN, MCGN-Kaibab, and all other 
NOAA COOP stations).

Similar to the analysis of daily rainfall, spatial variability in 
rain intensity within Marble and Grand Canyons was assessed 
for GICS during 2008–10. Analysis focused on 10-minute 
rainfall intensity, a common intensity measure that retains intra-
storm characteristics (Farmer and Fletcher, 1972) and has been 
linked to localized rainfall runoff in rugged terrains (Hadley and 
Lusby, 1967; Robichaud and others, 2009). Daily maximum 
10-minute intensities (I10 ) were compared to the 99 and 99.9 
percentile of combined GICS 3-year daily rainfall. The 99 and 
99.9 percentiles are measures that have been shown to be related 
to heavy rainfall with strong potential to initiate overland flow 
(Groisman and others, 2001, 2005). We calculated the median 
of the I10 values for rainfall above the 99 and 99.9 percentile and 
considered the results as potential thresholds for exceedance of 
typical infiltration and induction of runoff. This method has the 
potential to separately identify daily rainfall of high intensity-
short duration storms (for example, >99 percentile rainfall with 
I10 ≥ median values) typical of warm season thunderstorms from 
low intensity-long duration storms (for example, >99 percentile 
rainfall with I10 < median values), typical of the cool season. For 
this study, high-intensity, short-duration rainfall was considered 
the most probable precipitation event to generate runoff, though 
we acknowledge that low-intensity, long-duration rainfall, 
particularly with higher antecedent soil moisture, could also 
generate runoff (Baartman and others, 2012). The frequency 
of days above these thresholds (>99 and 99.9 percentile 
rainfall with I10 ≥ median values) was used to investigate the 
approximate recurrence interval of these events during the 
3-year assessment period.
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Long-Term Rainfall Depth Variability
Temporal variability in rainfall amount (depth) was 

evaluated for the Phantom Ranch and Lees Ferry NOAA COOP 
stations, as well as the mean rainfall calculated from the other 
28 NOAA COOP stations in the greater Grand Canyon region 
(Hereford and others, 2014; appendix 1). Seasonal and annual 
rainfall was summarized for years with at least 80 percent, 
or 292 days out of 365 days within one year (366 in a leap 
year), of the possible number of records collected during 1950 
through 2012. Using the rainfall summaries, a simple linear 
regression was used to determine how well rainfall patterns 
within the canyon were explained by the aggregated regional 
(mean of the 28 NOAA COOP stations) weather records. In this 
analysis we investigate potential deviations from the regional 
rainfall pattern. We did not explore regional patterns through 
additional analysis of individual NOAA COOP stations or 
various aggregations (subsets) of regional stations and climatic 
circulation indicators, such as the El Niño/ La Niña Southern 
Oscillation (ENSO) or Pacific Decadal Oscillation (PDO) 
indices, as considerable work has been done on this subject 
(Hereford and Webb, 1992; Hereford and others, 2014). 

Long-Term Rainfall Intensity Variability
NOAA COOP stations in the canyon record only daily 

rainfall totals, which do not permit the direct calculation of 
10-minute rainfall intensities. In order to estimate long-term 
rainfall intensity at NOAA COOP stations using daily rainfall 
depth measurements, rain intensity was analyzed as a function 
of rain depth for GICS, MCGN, and MCGN-Kaibab records 
collected from 2007–10. The rain depth-intensity relation was 
defined by comparing daily rainfall (depth) to maximum daily 
10-minute intensity. Both variables are highly right skewed 
(skewness = ~3.5), so they were transformed using the natural 
log to reduce this skewness (skewness ≤-0.1) to an approximate 
normal distribution. The transformed data were analyzed with 
a linear regression considering the cool, dry, and warm season 
data separately. Some heteroscedasticity is inherent in the lower 
range of values (daily rainfall depths below 0.25 mm) given the 
nature of the depth-intensity relation when rainfall nears 0 mm. 
Given this fact, results are expected to underpredict intensity 
values for high daily rainfall depths (rainfall greater than 10 mm), 
though this effect is likely minimal as values above 0.25 mm were 
significantly homoscedastic (Beusch-Pagan P-value >0.05). 

Regression equations from a sample of 21 individual 
stations (5 GICS, 11 MCGN, and 5 MCGN-Kaibab) with near 
uniform (in other words, nonclustered) spatial distribution 
were compared to station group regression equations that were 
aggregated by geography (GICS, MCGN, or MCGN-Kaibab) 
and season (cool, dry, warm) using Akaike Information 
Criteria (AIC), a statistical method used to evaluate how well 
two or more models predict values based on the number of 
parameters and a measure of likelihood (Akaike, 1974):

                                  AIC = 2k - 2ln (L), 	 (1)

where k is the number of parameters, and L is the value of the 		
	 likelihood function calculated from model residuals.

Between the individual stations and the geographic groups, 
we considered the model with the lowest AIC to be the best 
single predictor of 10-minute intensity. Models with DAIC less 
than 2.0 were considered to be statistically similar to the best 
model (where DAIC is the difference between the model AIC 
and the lowest AIC). Models with DAIC less than 5.0 were also 
considered to be similar—though less strongly—to the best 
model. Models with DAIC greater than 5.0 were considered to 
be significantly different than the best model.

Rainfall depth totals were not directly comparable 
between GICS and MCGN stations, because the two types 
of weather stations use different methods of measurement. 
To compare data from GICS and MCGN stations, we applied 
a simple correction factor (equation 2) based on Basara and 
others (2009) comparison of the piezoelectric sensor and 
tipping-bucket rain gauge: 

                            GICScorr = 0.74 × GICSraw ,                                           (2)

where GICScorr are the piezoelectric sensor data that have been 	
	 corrected to be comparable to rain gauge data, and 		
	 GICSraw are the collected piezoelectric sensor data.

We validated the best regression equations for the 
inner canyon by comparing predicted and observed rainfall 
intensity for 2013–14 (independent validation data that were 
not used for model calibration). After validation, we used the 
best models to estimate daily maximum rain intensity at the 
Phantom Ranch and Lees Ferry NOAA COOP river stations 
for 1950–2012. We summarized the modeled values by the 
median I10 calculated from the 99 and 99.9 daily rainfall totals, 
termed the 99-I10 and 999-I10, respectively. 

Results

Short-Term Spatial Rainfall Variability

The strength of the correlation for daily rainfall depth 
measured at pairs of weather stations varied as a function 
of the horizontal distance and elevation difference between 
the stations (fig. 2). Few stations were strongly correlated 
(correlation coefficient >0.9). However, most stations shared 
between 75 to 90 percent of days with concurrent rainfall or 
no recorded rainfall. When only days with high rainfall  
(>10 mm per day) observed concurrently between stations 
were considered, stations with correlation coefficients greater 
than 0.8 typically shared between 65 and 75 percent of days 
with concurrent high rainfall. Stations with coefficients 
between 0.5 and 0.8 typically shared between 50 and 65 
percent of concurrent high rainfall. 
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For the river stations, four stations were correlated 
(correlation coefficient >0.8) when the distance between stations 
was less than 14 km and when the elevation difference was less 
than 23 m (fig. 2A). As elevation differences between stations 
within the river corridor are autocorrelated with distance, 
separation distance is likely a more useful variable than elevation 
with which to evaluate daily rainfall correlations among stations 
along the river. For the rim stations, measurements were correlated 
at R >0.8 for 10 stations where the distance between stations 
was less than 16 km, and where the elevation difference was 
less than 235 m (fig. 2B). The elevation difference between 
these 10 correlated stations and the rest of the uncorrelated 
measurements was not well defined (fig. 2B), as the mean 
correlation value for each elevation difference less than 600 m 
(evaluated separately for each meter) was between 0.4 and 0.6. 
The elevation difference of 235 m likely provides an estimate 
of the maximum possible vertical difference for correlation to 
be present rather than a typical difference. Similarly, separation 
distances of 16 km included a large range of correlation values, 
most of which are below 0.8, though the frequency of correlation 
coefficients less than 0.8 decreases with even shorter separation 
distances. Measurements made at paired inner canyon and rim 
stations had correlation coefficients <0.7 and therefore were 
not considered to be correlated for practical purposes at any 
separation distances, horizontal or vertical (fig. 2C). These results 
provide guidance for reasonable separation distances at which 
daily rainfall measurements at stations within the canyon might 
be used to infer rainfall at other nearby inner canyon locations. 
These results similarly indicate reasonable separation distances for 
which rainfall measurements at stations on the rim might be used 
to infer rainfall at other locations on the rim. These results show 
that rainfall measurements on the rim are not useful to infer daily 
rainfall below the rim accurately, and vice versa. 

Mean annual rainfall at stations in northern Marble Canyon 
appears to be lower than at stations in western Grand Canyon, 
though the dispersion of values around the mean, as shown by the 
standard error, indicates large variability (for example, particularly 
in the area around the Little Colorado River; fig. 3). In general, 
the stations in Marble Canyon receive a larger contribution of 
annual rainfall during the warm season, and the Grand Canyon 
stations receive more annual rainfall during the cool season (fig. 3). 
However, the proportion of cool to warm season rainfall appears to 
be approximately equal at the upstream (northern) station in Marble 
Canyon (Lees Ferry) and the stations near the transition between 
Marble and Grand Canyon (fig. 3). Although the relatively small 
number and large separation distances between GICS locations 
prevent the assumption of a continuous pattern in rainfall, the 
consistently significant difference in cool and warm season means 
at the four westernmost stations in Grand Canyon during the three-
year assessment period might suggest that differences exist between 
the eastern and western portions of the Grand Canyon region along 
the river corridor, though confirmation of this concept cannot 
be accomplished with these spatially discontinuous monitoring 
datasets (fig. 3).

Annual rainfall among all of the stations is greatest on the 
Kaibab Plateau (fig. 4A), the highest orographic feature along 
the canyon rim by over 1,000 m. Rainfall on the Kaibab Plateau 
is relatively evenly distributed between warm and cool seasons 
for most of the stations, with the exception of those at highest 
elevations at the head of North Canyon (MCGN North-1; 
appendix 2 and at the southwesternmost station, COOP Bright 
Angel Ranger Station. These two gauges are located towards 
the southern end of the Kaibab Plateau and receive considerably 
more rainfall annually (>100 mm) than any other station location 
in the area. Annual rainfall among the rim stations is typically 
less at lower elevation stations (fig. 4A). For river stations, site 
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elevation itself does not appear to be a significant influence on 
variability in rain accumulation (fig. 4A). However, there does 
appear to be a significant positive relation between variability in 
rain accumulation at river stations as a function of the elevation 
of nearby topographic features on the rim (fig. 4A). The stations 
associated with the highest regional landform, the Kaibab Plateau, 
particularly east of the plateau, had high but variable rainfall. 
For most of the lower elevation rim stations and river stations 
in Marble Canyon and eastern Grand Canyon, the ratio of cool 
to warm season rainfall was either near unity or skewed toward 

greater warm season rainfall (fig. 4B). Although within the same 
range of annual rainfall means as the rim and river stations in 
Marble Canyon, stations in western Grand Canyon had a greater 
percentage of annual rainfall during the cool season, though less 
exaggerated than the Bright Angel Rangers Station (fig. 4A). The 
transition in the seasonal distribution of rainfall for the stations 
within the canyon, as well as the variability in rainfall accumulation 
for stations around the Little Colorado River suggests that the 
Kaibab Plateau could influence the geographic distribution of 
rainfall, possibly by affecting regional atmospheric flow, though 
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more spatially continuous data than the monitoring datasets used in 
this study would be needed both above and within Grand Canyon 
to adequately investigate this hypothesis.

Analysis of rainfall intensity within Marble and Grand 
Canyons confirmed previous studies (Hereford and Webb, 1992; 
Hereford and others, 2014) that found rainfall intensity during 
the warm season can exceed that during the cool season by an 

order of magnitude (fig. 5A). Mean rainfall intensity during 
the warm season was not significantly different between the 
eastern and western stations in the canyon during the 3 years of 
observation. Conversely, the western stations in Grand Canyon 
receive more intense rainfall than the northern Marble Canyon 
station during the cool season. In general, the annual maximum 
daily rain intensity occurred during the warm season, with the 
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notable exception of a single dry-season storm in which three 
GICS sites recorded the highest 3-year daily rainfall intensity 
values on May 22, 2009 (fig. 5B). 

During the 3-year observation period, the 99 and 99.9 
percentile values calculated from all rain events recorded 
at GICS stations were 16.5 mm per day and 42.8 mm per 
day, respectively (table 1). These values are higher than the 
99 and 99.9 percentile daily rainfall record at the NOAA 
COOP stations Phantom Ranch and Lees Ferry during the 
same period (table 1), and were more similar to the 99 and 
99.9 percentile values determined from the long-term record 
(1950–2012) of maximum daily rainfall between these 
two NOAA COOP stations (table 1). Median I10 values for 
rainfall above the 99 and 99.9 percentile of daily rainfall were 
32.4 mm per hour (99-I10) and 45.3 mm per hour (999-I10), 
respectively. Both the 99 and 99.9 percentile of daily rainfall 
and median I10 values are within Renard and others (1997) 
criteria for rainfall potential to induce erosion (in other words, 
cumulative rainfall >12.7 mm, or event maximum 15-minute 
rain intensity >24.1 mm per hour).

At least one storm occurred at each GICS location that 
exceeded the 99-I10 threshold; and the two stations immediately 
upstream of the Little Colorado River in southern Marble 
Canyon (stations AZ C:13:0365 and AZ C:13:0006) averaged 
two or more annually (fig. 6A). During 2008–10, storms that 
exceeded the 999-I10 threshold were recorded only at GICS sites 
in southern Marble Canyon and eastern Grand Canyon (stations 
AZ C:13:0365, AZ C:13:0006, AZ C:13:0336, AZ C:13:0346, 
and AZ B:11:0281, fig. 6B). The addition of the incomplete 
2007 records indicate that all stations recorded at least one 

daily rainfall event above the 99.9 percentile with intensity 
above 999-I10 . The station immediately upstream of the Little 
Colorado River (AZ C:13:0006) was the only location at which 
the 999-I10 threshold exceedance averaged once a year (fig. 6B). 
Recurrence of daily rainfall exceeding the 999-I10 threshold 
for the other stations could not be adequately assessed with the 
available monitoring data.

Long-Term Rainfall Depth Variability

Although there is some similarity in rainfall pattern, 
long-term annual rainfall at the NOAA COOP stations in 
Marble and Grand Canyons is considerably less than the 
Grand Canyon regional record aggregated from 28 stations 
identified by Hereford and others (2014) as making up the 
Grand Canyon station group (fig. 7A; appendix 1). Seasonal 
rainfall also exhibited similar temporal patterns compared 
to the 28-station aggregate dataset, though warm-season 
rain at Phantom Ranch and Lees Ferry appears to show 
more frequent deviations from the regional trend (fig. 7B,C). 
Rainfall was typically higher at Phantom Ranch compared 
to Lees Ferry with the exception of some drought years 
when Lees Ferry received more rainfall during the warm 
season (fig. 7). Rainfall patterns within the region have 
been previously demonstrated to be related to the El Niño 
Southern Oscillation (ENSO) and Pacific Decadal Oscillation 
(PDO), with dry periods corresponding to negative PDO and 
La Niña, and wet periods corresponding to positive PDO and 
El Niño phases (Hereford and Webb, 1992).

Table 1.  Summary of daily rainfall percentile at U.S. Geological Survey Grand Canyon Monitoring and Research Center inner canyon 
stations (GICS) and National Oceanographic and Atmospheric Administration Cooperative Observer (NOAA COOP) river stations.

[Daily rainfall percentiles for the GICS3yr, NOAA COOP3yr, and NOAA COOPfull were calculated from all daily rainfall observations during the period assessed. 
NOAA COOPmax daily rainfall percentiles were calculated from the maximum daily rainfall recorded at either COOP station. The median of daily maximum 
10-minute intensities (I10) was calculated from all observations above the 99 and 99.9 percentile recorded at GICS stations during the period of assessment. 
Mm/d, millimeters per day; mm/hr, millimeters per hour; N/A, not applicable]

River corridor stations Period assessed
99 percentile 

(mm/d)
99-I10 

(mm/hr)
99.9 percentile 

(mm/d)
999-I10 

(mm/hr)

GICS3yr 2008–10 16.5 32.4 42.8 45.3

NOAA COOP3yr 2008–10 14.0 N/A 27.9 N/A

NOAA COOPfull 1950–2012 11.9 N/A 30.5 N/A

NOAA COOPmax 1950–2012 15.2 N/A 37.3 N/A
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Figure 6.  Mean annual number of days that were above daily rainfall percentile and associated median 10-minute 
intensities (I10) for the 2008–10 assessment period at U.S. Geological Survey Grand Canyon Monitoring and Research 
Center inner canyon stations.  (A) Mean frequency of days above the 99 percentile daily rainfall (16.5 mm/d) and 
median I10 (32.4 mm/hr) (termed the 99-I10 threshold). (B) Mean frequency of days above the 99.9 percentile daily 
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Figure 7.  (A) Annual, (B) cool-season, and (C) warm-season rainfall for 1950–2012 at National Oceanographic and 
Atmospheric Administration cooperative observer stations (NOAA COOP) Phantom Ranch and Lees Ferry. Only years 
with ≥80 percent complete records were included (>292 daily records per year). The mean of 28 NOAA COOP stations 
(not including Phantom Ranch or Lees Ferry) on the southern Colorado Plateau is provided for regional reference. 
Drought designations were adapted from Hereford and others (2014).
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The regional mean of the 28 NOAA COOP stations is 
significantly correlated with observed rainfall along the river; 
correlations are weak for the warm season, however, though 
stronger for the cool season (table 2). The Phantom Ranch 
NOAA COOP station is more strongly correlated than Lees 
Ferry is to the regional (28-station) composite (table 2). The 
Phantom Ranch and Lees Ferry stations are relatively weakly 
correlated to each other in all seasons.

Long-Term Rainfall Intensity Variability

Regression models to predict daily maximum intensity from 
daily rainfall are presented in table 3, with the graphical results 
provided in appendix 3. An additional set of models is included 
in table 3 (GICScorr) to provide the appropriate coefficients for 
predicting rainfall variables measured with the tipping-bucket 
gauges, as opposed to the piezoelectric sensor (GICSraw) used at 

all GICS locations. The model relations show that among the three 
geographic groups of stations, the GICS sites experience the most 
intense episodes of rainfall given the same daily rain depth (fig. 
8; appendix 3). The highest-elevation gauges, MCGN-Kaibab, 
experience the lowest intensity given the same rain depth (fig. 8).

Based on the AIC results in table 4, the depth-intensity 
relationships for each geographic group and season (table 3) are 
almost as efficient at estimating maximum daily rainfall intensity at 
any individual station as the equation specific to that station. This is 
expected for the river stations, given the statistically similar mean 
intensities between most of the measurement stations (fig. 5). For the 
river stations, all GICSraw and most of the GICScorr seasonal equation 
estimates were within five DAIC units of the individual equations 
(table 4; appendix 2). Predicted intensities using the two rim station 
equations were significantly different from those predicted by the 
individual GICS equations and are therefore not considered useful in 
estimating daily intensity within the canyon (table 4; appendix 2). 

Table 2.  Results of linear regression of annual and seasonal rainfall between Phantom Ranch and Lees Ferry National Oceanographic 
and Atmospheric Administration Cooperative Observer (NOAA COOP) stations, and the regional mean of 28 NOAA COOP stations, for the 
years from 1950 to 2008.

[Calculated P-values indicate all relationships exceed the 99 percent level of significance]

Time period
Phantom Ranch: Regional Lee’s Ferry: Regional Phantom Ranch: Lee’s Ferry

Slope  R2 P-value Slope  R2 P-value Slope  R2 P-value

Annual 0.186 0.73 <0.00001 0.112 0.47 <0.00001 0.886 0.45 <0.00001
Cool season 0.188 0.83 <0.00001 0.112 0.70 <0.00001 1.200 0.58 <0.00001
Warm season 0.196 0.49 <0.00001 0.151 0.32 0.00002 0.565 0.25 0.00041

Table 3.  Regression results for log-transformed, daily rainfall depth (predictor) and daily maximum 10-minute intensity (I10 ; response) 
variables for U.S. Geological Survey Grand Canyon Monitoring and Research Center inner canyon stations (GICS) and the Marble 
Canyon Gauge Network (MCGN).
[GICScorr provides coefficients for comparison of GICSraw data acquired with a piezoelectric sensor to rainfall records acquired with tipping-bucket gauges 
(MCGN) using the adjustment factor of Basara and others (2009)]

Multistation 
geographic group

Season Slope
Standard 

error
Intercept

Standard 
error

R2

Residual 
standard 

error
P-value

GICSraw

Cool 0.6835 0.0061 0.6029 0.0126 0.9 0.466 < 0.00001

Dry 0.7382 0.0078 0.7677 0.0181 0.909 0.477 < 0.00001

Warm 0.8562 0.0059 1.1523 0.0131 0.952 0.421 < 0.00001

GICScorr

Cool 0.6835 0.0061 0.5076 0.0131 0.9 0.466 < 0.00001

Dry 0.7382 0.0078 0.6888 0.0193 0.909 0.477 < 0.00001

Warm 0.8562 0.0059 1.1089 0.0136 0.952 0.421 < 0.00001

MCGN

Cool 0.37 0.0098 0.7446 0.0129 0.545 0.425 < 0.00001

Dry 0.4859 0.0156 0.9327 0.0206 0.689 0.426 < 0.00001

Warm 0.6691 0.0204 1.1844 0.013 0.737 0.52 < 0.00001

MCGN-Kaibab

Cool 0.3479 0.0137 0.6187 0.0171 0.461 0.4 < 0.00001

Dry 0.4317 0.0158 0.8521 0.0208 0.654 0.394 < 0.00001

Warm 0.6218 0.0147 1.0967 0.023 0.737 0.507 < 0.00001
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Figure 8.  Depth-intensity 
relations based on the 
(A) cool-, (B) dry-, and (C) 
warm-season equations 
presented in table 2 for 
U.S. Geological Survey 
Grand Canyon Monitoring 
and Research Center inner 
canyon station (GICS) 
and the Marble Canyon 
Gauge Network (MCGN).  
The MCGN-Kaibab and 
GICS corrected plots 
represent high elevation 
gauges on the Kaibab 
Plateau and predicted GICS 
piezoelectric sensor values 
corrected for compatibility 
with tipping bucket rain 
gauges, respectively. 
Appendix 2 provides a plot 
of all seasonal data used to 
define the depth-intensity 
relations within A–C.
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Table 4.  Results of an Akaike Information Criterion (AIC) evaluation of modeled daily 10-minute intensity from individual stations and 
three multi-station geographic group regression equations.

Multi-station  
geographic group

AIC category
Individual 
stations

Group 1 - 
GICSraw

Group 1 -  
GICScorr

Group 2 - 
MCGN

Group 3 - 
MCGN-Kaibab

Cool season

GICSraw: 5 Total

Lowest AIC 5 0 N/A 0 0

Statistically similar (<2 AIC) 0 4 N/A 0 0

Similar (<5 AIC) 0 1 N/A 0 0

Group total 5 5 N/A 0 0

GICScorr: 5 Total

Lowest AIC 5 0 0 0 0

Statistically similar (<2 AIC) 0 2 4 0 0

Similar (< 5AIC) 0 1 1 0 0

Group total 5 3 5 0 0

MCGN Stations: 
11 Total

Lowest AIC 11 0 0 0 0

Statistically similar (<2 AIC) 0 0 0 2 1

Similar (<5 AIC) 0 0 0 5 1

Group total 11 0 0 7 2

MCGN-Kaibab 
Stations: 5 Total

Lowest AIC 5 0 0 0 0

Statistically similar (<2 AIC) 0 0 0 0 1

Similar (<5 AIC) 0 0 0 0 4

Group total 5 0 0 0 5

Dry season

GICSraw: 5 Total

Lowest AIC 5 0 N/A 0 0

Statistically similar (<2 AIC) 0 4 N/A 0 0

Similar (<5 AIC) 0 1 N/A 0 0

Group total 5 5 N/A 0 0

GICScorr: 5 Total

Lowest AIC 5 0 0 0 0

Statistically similar (<2 AIC) 0 3 2 0 0

Similar (<5 AIC) 0 1 1 0 0

Group total 5 4 2 0 0

MCGN Stations: 
11 Total

Lowest AIC 4 0 0 7 0

Statistically similar (<2 AIC) 4 0 0 1 1

Similar (<5 AIC) 3 0 0 0 0

Group total 11 0 0 8 1

[Geographic groups included in the table were U.S. Geological Survey Grand Canyon Monitoring and Research Center inner canyon stations without a factor 
correction for compatibility with tipping-bucket gauges (GICSraw), GICS with a factor correction (GICScorr), Marble Canyon Gauge Network lower elevation 
sites (MCGN), and MCGN higher elevation stations on the Kaibab Plateau (MCGN-Kaibab). The table shows the number of individual stations in each season 
and group (columns) by DAIC (rows). Where groups contain individual station DAIC values >5, group totals are less than the total number of stations. N/A 
indicates that group DAIC values were not evaluated. Calculated AIC values are presented in appendix 2] 
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Table 4.  Results of an Akaike Information Criterion (AIC) evaluation of modeled daily 10-minute intensity from individual stations 
and three multi-station geographic group regression equations.—Continued

Multi-station  
geographic group

AIC category
Individual 
stations

Group 1 - 
GICSraw

Group 1 -  
GICScorr

Group 2 - 
MCGN

Group 3 - 
MCGN-Kaibab

MCGN-Kaibab 
Stations: 5 Total

Lowest AIC 0 0 0 0 5

Statistically similar (<2 AIC) 0 0 0 0 0

Similar (<5 AIC) 0 0 0 0 0

Group total 0 0 0 0 5

Warm season

GICSraw: 5 Total

Lowest AIC 5 0 N/A 0 0

Statistically similar (<2 AIC) 0 3 N/A 0 0

Similar (<5 AIC) 0 2 N/A 0 0

Group total 5 5 N/A 0 0

GICScorr: 5 Total

Lowest AIC 5 0 0 0 0

Statistically similar (<2 AIC) 0 4 4 0 0

Similar (<5 AIC) 0 1 1 0 0

Group total 5 5 5 0 0

MCGN Stations: 
11 Total

Lowest AIC 11 0 0 0 0

Statistically similar (<2 AIC) 0 0 0 9 0

Similar (<5 AIC) 0 0 0 1 0

Group total 11 0 0 10 0

MCGN-Kaibab 
Stations: 5 Total

Lowest AIC 5 0 0 0 0

Statistically similar (<2 AIC) 0 0 0 0 5

Similar (<5 AIC) 0 0 0 0 0

Group total 5 0 0 0 5

Validation of Seasonal Depth-Intensity 
Models

The GICS seasonal equations provide the best method for 
estimating the maximum daily rain intensity at river stations 
where daily rainfall depth, but not intensity, is available. 
To evaluate the utility of the GICS equations, rain intensity 
was estimated at six GICS sites, three of which were not in 
operation during the calibration period, for data collected 
during 2013–14 and compared with measured values (fig. 9). 
The calibration period was observed to have received above 
average rainfall within some parts of the Colorado Plateau 
(R. Hereford, U.S. Geological Survey, written commun., 
July 6, 2015). The relation between the actual and predicted 

intensities is significant and strong (fig. 9). The highest 
residual value (53.8 mm) was during the dry-season, a three 
month period when rainfall is infrequent, but during which 
strong storms can periodically occur.

Days with intensities exceeding 99-I10 and 999-I10 
thresholds were reasonably well predicted by the seasonal 
models. For recorded daily rainfall above the 99 percentile 
during the validation period, there were 17 days measured and 
20 days predicted to have I10 exceeding the 99-I10 threshold 
(>32.4 mm/hr). All of the 17 recorded exceedances were 
correctly identified with three predicted I10 values for recorded 
rainfall below the 99-I10 threshold. For recorded daily rainfall 
above the 99.9 percentile, there was only one I10 exceedance of 
the 999-I10 threshold observed. The exceedance was correctly 
predicted by the model. 
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y = 0.9761x + 0.7818
R2 = 0.77
P = 1 × 10–164
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Figure 9.  Comparison of predicted and observed maximum daily 10-minute intensities for data 
collected from November 2013 to September 2014. The U.S. Geological Survey Grand Canyon 
Monitoring and Research Center inner canyon stations seasonal equations were used to predict 
intensity. Statistical values were calculated using all days with recorded rainfall. 

Estimation of Rainfall Intensity at 
NOAA COOP Stations

Long-term rainfall intensity appears to have been 
somewhat greater at Phantom Ranch compared to Lees Ferry, 
based on the relative number of total days above the 99-I10 
and 999-I10 thresholds from 1950–2012 (fig. 10A,B). Between 
1950 and 2012, nine days were predicted to have exceeded 
the 99-I10 threshold at both COOP stations (rain events at both 
stations within 24 to 48 hours) and 104 days exceeded the 
99-I10 threshold at either the Phantom Ranch (66 days) or Lees 
Ferry (36 days) station (fig. 10) for a total of 113 threshold 
rainfall events during the 62-year period.

Consistent with the results of the short-term rainfall 
analysis, analysis of long-term data shows that daily rainfall 

amounts >16.5 mm/d with predicted maximum 10-minute 
intensities >32.4 mm/hr (99-I10 ) within the canyon occurs, on 
average, at least once a year for both NOAA COOP stations. 
The most frequent predicted annual exceedances of the 99-I10 
threshold were during 1981 and 1999 (n = 6), with 1967, 
2003, and 2012 having one less event (n = 5; fig. 10C). For 
daily rainfall amounts >42.8 mm/d with maximum 10-minute 
intensities >45.3 mm/hr (999-I10 ), only six events, four at 
Phantom Ranch and two at Lees Ferry, were predicted for 
1950–2012. This suggests a typical recurrence interval around 
10 years, though most of these predicted exceedances have 
occurred after 1980 (fig. 10C). The two predicted exceedances 
of the 999-I10 in the mid-1980s were both at Phantom Ranch, 
the one predicted exceedance in the mid-1990s was at Lees 
Ferry, and the two predicted exceedances in the mid-2000s 
were distributed between both stations (fig. 10C).
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Figure 10.  Predicted maximum daily 10-minute rainfall intensity (I10) at National Oceanographic and Atmospheric Administration 
cooperative observer stations (NOAA COOP) (A) Phantom Ranch and (B) Lees Ferry estimated using the U.S. Geological Survey 
Grand Canyon Monitoring and Research Center inner canyon stations (GICS) seasonal equations. (C) Predicted number of days 
per year from both NOAA COOP stations with daily rainfall exceeding the 99 (16.5 mm/d) and 99.9 (42.8 mm/d) percentile that were 
above the median I10 values (99-I10 >32.4 mm/hr; 999-I10 >45.3 mm/hr). The number of annual predicted days when the thresholds 
were exceeded was determined as threshold rainfall events recorded at one or at both stations within 48 hours. No threshold 
rainfall events were predicted for consecutive days.
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Discussion
The timing and magnitude (depth) of rainfall measured at 

monitoring stations in Marble and Grand Canyons show some 
variability between eastern and western stations, and between 
high- and low-elevation stations at annual and seasonal 
scales. Stations in the eastern part of the study area (in Marble 
Canyon to Lees Ferry) typically receive either near-equal 
rainfall among seasons or a larger proportion of annual rainfall 
during the warm season (July 1–October 7), whereas the 
westernmost stations in the study area (in central and western 
Grand Canyon) receive relatively more rainfall during the 
cool season (October 8–March 31). Between these stations 
and the eastern two sections of the study area is the Kaibab 
Plateau, the highest elevation landform above the north rim of 
the canyon. Stations on the Kaibab Plateau receive the most 
annual rainfall among all monitoring stations. Interestingly, 
some of the most variable rainfall observed at river stations 
occurred at stations along the base of the Kaibab Plateau. The 
most intense rainfall among the monitoring stations occurs at 
low-elevation sites within the river corridor. Rainfall intensity 
is greatest during the warm season for all river stations. 
Although mean rainfall intensity during the warm season 
does not vary significantly between river stations, the two 
stations in southern Marble Canyon, below the east edge of the 
Kaibab Plateau, receive more-frequent high-intensity storms. 
The Phantom Ranch and Lees Ferry NOAA COOP data are 
consistent with the east-west trends observed for the GCMRC 
inner canyon (GICS) stations. Annual and seasonal rainfall is 
typically higher at Phantom Ranch than at Lees Ferry, with 
more frequent high intensity storms with potential to generate 
runoff. Below, we discuss in more detail the rainfall variability 
observed in the short-term record and the long-term NOAA 
COOP record since 1950.

Rainfall Spatial Distribution

The strongest correlations between river stations are between 
the four stations in southern Marble Canyon and eastern Grand 
Canyon. Physiographically, these are locations where the river 
corridor widens, the north rim is to the west and is significantly 
higher than the south rim, and the canyon is oriented north-south. 
Interestingly, Phantom Ranch is 22.3 km downstream from GICS 
AZ C:13:0346 in eastern Grand Canyon, the shortest separation 
distance between a GICS and NOAA COOP, yet correlation 
between these stations is low. In general, daily rain correlations 
between NOAA COOP stations and MCGN or GICS stations 
are weak (R≤0.5), no matter the separation distance. This may be 
caused by differences in measurement apparatus and procedure. 
However, it is also likely related to differences in canyon 
orientation and physiography. For example, the best correlation 
(R=0.54) between Phantom Ranch and a GICS station was with 
AZ B:11:0281, which is 45.9 km downstream from Phantom 
Ranch. These stations are separated by a greater distance than 
that between Phantom Ranch and AZ C:13:0346, but they are 

both located in regions of the canyon that are similarly oriented 
(northwest-southeast), located to the west of the Kaibab Plateau, 
and in a more narrow section of the canyon than the stations east 
of the Inner Gorge. Overall, our results suggest that although 
spatial proximity of stations is important for determining the 
extent to which daily rainfall is similar between inner canyon 
locations, the canyon and rim physiography, and the function of 
the Kaibab Plateau as an orographic division between weather 
systems in Marble (especially southern Marble Canyon) and 
Grand Canyons are likely useful considerations for understanding 
rainfall distribution. 

Distribution of Rainfall Intensity

The monitoring stations along the river experience 
more intense rainfall than do the monitoring stations above 
the canyon rims. This spatial difference in intensity might 
be related to temperature differences and associated upward 
circulation, factors proposed to affect the frequency of high 
intensity rain events (Karl and Knight, 1998; Kunkel and 
others, 2012; Mondal and Mujumdar, 2015). Based on these 
ideas, we propose that future investigations into differential 
rain intensity within the region focus on warmer temperatures 
along the river, differential canyon wall heating, and the 
subsequent higher saturation vapor pressure and greater 
water-holding capacity of the air, which may contribute to 
greater rainfall intensity along the river compared to above 
the canyon rims. 

We have demonstrated how daily maximum rainfall 
intensity (I10) can be inferred from daily rainfall depth using 
relations that vary by season and location. Along the river 
corridor, stations located below the east side of the Kaibab 
Plateau (southern Marble Canyon) typically receive more 
warm-season rainfall than other station locations in the canyon, 
and receive more frequent high-intensity storms that can 
generate runoff. The National Weather Service Next Generation 
Radar (NEXRAD) time series for August 8, 2008, shown in 
figure 11, illustrates an example of how a warm-season storm 
can build over the Kaibab and Paria Plateaus and track east 
across Marble Canyon. There were several such storms between 
2008 and 2010 that produced high-intensity warm-season 
rain events. In figure 11, the highest radar reflectivity values 
(red and yellow in the map) indicate areas with predicted high 
rainfall depth and intensity. These areas tend to be located 
above especially high regions of the canyon rim, including the 
Kaibab Plateau, and track across southern Marble Canyon, 
suggesting especially high rainfall within this part of the 
canyon. During the storm shown in figure 11, rainfall recorded 
at AZ C:13:0006 was substantial (30.7 mm with 10-minute 
maximum intensity of 41.4 mm/hr on September 22, 2007; 
51.6 mm with 10-minute maximum intensity of 64.5 mm/hr on 
August 8, 2008), Phantom Ranch was minimal (4.1 and 0 mm 
for those dates, respectively) and rainfall recorded at Lees Ferry 
varied between substantial (24.4 mm on September 22, 2007) 
and none (0 mm on August 8, 2008). 
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Figure 11.   National Weather Service time series of composite radar coverage over Marble and Grand Canyons on August 8, 2008. Data 
adapted from the National Climate Data Center’s Climate Data Online interactive map (http://gis.ncdc.noaa.gov/map/viewer). Radar reflectivity 
represents the maximum range composite (derived datset) for stations Cedar City, Utah; Las Vegas, Nevada; and Flagstaff, Arizona.
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Another useful and common observation from the radar 
data is the development of warm-season storms that build 
to the west and south of Phantom Ranch over the Coconino 
Plateau and track east. Recorded rainfall during this scenario is 
typically higher at Phantom Ranch (for example, 20.3 mm with 
an estimated 10-minute maximum intensity of 41.2 mm/hr on 
August 16, 2008) and GICS B:11:0281 (22.3 mm with 10-minute 
maximum intensity of 38.5 mm/hr on August 16, 2008), the 
inner-canyon location with the highest recorded intensity in 
central Grand Canyon, than at the GICS stations in southern 
Marble Canyon (AZ C:13:0006 received 8.9 mm with 10-minute 
maximum intensity of 10.8 mm/hr on August 16, 2008). Lees 
Ferry (0 mm on August 16, 2008) frequently does not receive 
significant amounts of rainfall during this type of warm-season 
storm. Collectively, these observations suggest that rainfall depth 
and intensity can be very different between stations in Grand 
Canyon and Marble Canyon depending on spatial differences 
in storm-cell origin, though these examples provide only a few 
potential causes for differential rainfall. Additional future analysis 
of data that are more spatially and temporally continuous than the 
monitoring station data, such as the NEXRAD data set, will likely 
identify other potential patterns that can be used in refining our 
understanding of daily or multiday spatial relations. 

Differences between warm-season rainfall accumulation 
at Phantom Ranch (62 year mean of 87.2 mm) and Lees Ferry 
(62 year mean of 64.7 mm) may represent broad differences 
in frequency of recurring warm season storm patterns and 
subsequent high intensity rainfall events in Grand and northern 
Marble Canyons. However, the longer-term Lees Ferry record is 
an imperfect analog from which to infer long-term rain activity 
in Marble Canyon because of the inconsistency with which 
Lees Ferry receives rainfall from storms that track over Marble 
Canyon. We believe this is a result of the local topography. 
Central Marble Canyon is narrow (1–2 km) and deep (0.5–1 km) 
with the broad, low (1,475 m elevation) House Rock Valley to 
the west and Eminence Break (1,500 m elevation) to the east 
above the rim. Lees Ferry, located within the wider (5 km) 
valley confluence of the Paria and Colorado Rivers, is framed 
by the Paria Plateau (2,200 m elevation) to the west and the 
Kaibito Plateau (1,950 m elevation) to east, both of which have 
the potential to affect atmospheric flow and could be a cause 
of differences in rainfall between northern and central Marble 
Canyon. Nonetheless, Pederson and others (2006) observed 
during the summer of 2002 that frequent high-intensity storms 
at Lees Ferry were indicative of more erosive conditions on the 
east side of the Kaibab Plateau, in Marble Canyon. In the absence 
of direct long-term measurements from within Marble Canyon, 
the long-term record from Lees Ferry likely provides the only 
(though imperfect) data for extrapolating long-term conditions in 
this segment of the river corridor.

Runoff Potential

Understanding regional and local rainfall patterns is 
an integral part of understanding the drivers of landscape 

change along the Colorado River in the Grand Canyon 
region, and particularly for understanding the potential for 
overland flow to damage archaeological sites within erodible 
sedimentary deposits (Hereford and others 1993, 2014). For 
the high-intensity, short-duration storms investigated in this 
study, the potential for rainfall intensity to exceed infiltration 
is the most probable cause of runoff and runoff erosion within 
unconsolidated sediment along the Colorado River in Marble 
and Grand Canyons. While this may be a typical cause of 
runoff originating in the unconsolidated substrate of the 
river corridor, concentrated overland flow from rainfall on 
impermeable surfaces (in other words, bedrock and talus) can 
greatly increase potential for runoff erosion both above and 
within the river corridor, especially where topography and slope 
are advantageous for flow (Pederson and others, 2006). We 
reviewed over 100 photographs between April 2013 and May 
2014 from remote stationary cameras positioned around two 
of the GICS sites (fig. 12), and identified locations of erosion 
where rills formed only after high intensity rainfall events. 
These observations appear to corroborate the usefulness of the 
99-I10 and 999-I10 thresholds. In the time series for Phantom 
Ranch (fig. 12C), exceedances of the 99-I10 threshold (daily 
rainfall >16.5 mm/d; I10 >32.4 mm/hr) appear to correspond 
with high-intensity rain events recorded approximately 50 km to 
the northwest at AZ B:10:0225 (fig. 12B). Two of these events, 
recorded in late August and early September 2013, were also 
observed in Marble Canyon at AZ C:05:0031 (fig. 12A). This 
suggests that although the Phantom Ranch NOAA COOP station 
is a useful analog for rainfall within Grand Canyon west of 
Kaibab Plateau (eastern and central Grand Canyon), it may also 
capture some high intensity storms observed in Marble Canyon. 
In general, predicted rainfall intensity at Phantom Ranch is 
less than that measured at GICS stations, but the frequency 
for exceedance of the 99-I10 threshold is similar between these 
stations. However, neither the Phantom Ranch nor the Lees 
Ferry COOP station captured all rain days recorded at the GICS 
locations east of the Kaibab Plateau in Marble Canyon. 

Hereford and others (1993, 2014) documented a 17-year period 
from 1978 to 1995 (termed the Wet Period) with multiple consecutive 
years of above-average rainfall. They suggested that the beginning 
of this period, from 1978 to 1985, incurred substantial runoff erosion 
and development of gullies within Marble and Grand Canyons 
(Hereford and others, 1993, 2014). On average, there were at least 20 
more annual days of rainfall during the Wet Period than during the 
preceding period of record and the 5-year moving average of annual 
days exceeding the 99-I10 threshold shows a marked peak during this 
period (fig. 10C). Analysis of our long-term predictions of rainfall 
intensity suggests that the average frequency of days with rainfall 
sufficient to generate runoff is comparable between the Wet Period 
and the preceding years assessed from 1950 to 1977 (fig. 10), though 
the annual concentration of these high intensity rainfall days is not 
comparable. More than 22 percent of all daily exceedances of the 
minimum intensity threshold during the Wet Period occurred during 
1981, and more than 60 percent occurred between 1980 and 1985, 
which might indicate that these specific years during the Wet Period 
included anomalously frequent high-intensity storms (fig. 10C). 
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Since 1996, drought conditions have been present in the 
Grand Canyon region (termed the Early 21st Century Drought; 
Hereford and others, 2014). Interestingly, even though rainfall 
totals have been below average during most of this drought 
phase for the region (13 percent decrease in annual mean 
rainfall for the 28-station regional composite), our long-term 
predictions of rainfall intensity at Phantom Ranch and Lees 
Ferry suggest that the frequency of storms with potential to 
generate runoff has remained relatively high along the river 
since the onset of the present drought, with at least three years 
(1999, 2003, and 2012) predicted to have similar frequency 
of high intensity storms (days predicted to exceed the 99-I10 
threshold) as 1981 (>4 storms per year). These results seem 
to fit the observed national pattern of increases in extreme 
summer rainfall events (Karl and Knight, 1998; Groisman and 
others, 2001; Kunkel and others, 2012).While annual rainfall 
decreased with the transition to drought after 1995 (Hereford 
and others, 2014), average annual and warm-season rainfall 
from 1996–2012 (238.2 mm annual mean at Phantom Ranch) 
is more similar to the Wet Period (262.1 mm annual mean at 
Phantom Ranch) than to earlier periods of drought (in other 
words, 1950–77; the end of the Mid-20th Century Drought; 
184.7 mm annual mean at Phantom Ranch). Since 1995, 
years with low annual rainfall (below the 62-year mean) have 
occurred owing to an overall decrease in cool-season rainfall 
(as opposed to decreases in dry- or warm-season rainfall) 
when rainfall intensity is typically less sufficient to generate 
runoff caused by exceedance of infiltration. Warm-season 
rainfall, when storm intensity is typically strongest (Hereford 
and Webb, 1992; Hereford and others, 2014), within the 
Grand Canyon region (28-station regional mean; appendix 
1) has been increasing since the beginning of the assessment 
period, from an annual mean rainfall of 396.1 mm in the 20th 
Century Drought (1950–77), to 405.6 mm during the Wet 
Period (1978–95), to 440.4 mm during the Early 21st Century 
Drought (1996–2008). If rainfall intensity— which appears to 
relate to warm-season rainfall depths more than annual rainfall 
depth— is more closely tied to rainfall runoff and overland 
flow erosion, then erosion rates of sedimentary deposits and 
on archaeological sites along the river are not expected to 
have diminished significantly since the onset of the Early 21st 
Century Drought. Based on the work of Hereford and others 
(1993; written commun.) however, recent erosion within the 
river corridor does not appear to be as severe as that which 
occurred during the Wet Period, when significant gully erosion 
was documented from central Marble Canyon to central Grand 
Canyon. If it is assumed that changes in the frequency of high 
rainfall intensity events has not significantly diminished, then 
it is likely that other mechanisms that effect erosion rates are 
at work, such as the influence of low-intensity, long-duration 
multiday rainfall events and antecedent moisture (Groisman 
and others, 2012). Preliminary analysis of 3- to 5-day rainfall 
accumulations compared with I10 as a proxy for antecedent 
moisture, do not indicate marked differences between the Wet 
Period and subsequent years with comparable frequencies 
of high intensity storms (1999, 2003, and 2012) aside from 

two 5-day rainfall accumulations of 50 to 60 mm with an I10 
near 20 mm/hr during the 1979–80 cool season. Additional 
work to adequately investigate the potential role of antecedent 
moisture as a factor that influences erosion rates within the 
region is warranted. If temporal trends in rainfall intensity or 
multiday volume are not responsible for apparent differences 
in overland flow and gully erosion, then another possibility 
outside the scope of our investigation is that changes to the 
time of concentration (Chin, 2000) for rainfall within local 
watersheds might have occurred at some locations within 
the river corridor. Changes in vegetation and topography 
are two mechanisms by which time of concentration can 
vary temporally (Chin, 2000; Li and Chibber, 2008). Sankey 
and others (2015) evaluation of vegetation along the river 
demonstrates marked increases in vegetation during the Wet 
Period and more variable changes since that time. Additional 
analyses of vegetation and topographic changes would be 
needed to evaluate changes to the time of concentration as an 
explanation. Identification of significant changes in erosion 
rates in future studies may also indicate other additional 
atmospheric or physiographic factors contributing to the 
erosion of sites and sedimentary deposits along the river that 
we have not considered.

Our analysis of spatial and temporal variability in rainfall 
characteristics cannot explain fully the variability in rainfall 
runoff erosion across the Grand Canyon region, because (1) 
the monitoring data we analyzed are not spatially continuous, 
and (2) additional factors, such as differences in geomorphic 
surfaces and biophysical adjustments and substrates, are 
necessary to understand differential runoff erosion (Pederson 
and O’Brien, 2014). Our analyses and the datasets we 
generated will be useful, however, for scientists to incorporate 
in a larger framework to test the effects of geomorphic 
complexity within similar rainfall regimes along the Colorado 
River, as well as assessing potential mitigation efforts to arrest 
erosion and gully development in sensitive areas. Continued 
monitoring of weather parameters, along with quantification 
of river corridor geomorphic conditions, will be instrumental 
in refining our understanding of landscape changes in Marble 
and Grand Canyons.

Conclusions

In this study, we examined datasets of varying temporal 
length, resolution, and spatial distribution from monitoring 
stations in the Grand Canyon region in order to better understand 
variability in rainfall amount and intensity, and to inform future 
studies of rainfall runoff as a driver for landscape change in this 
environment. Short-term, high-resolution data were useful for 
characterizing the spatial distribution of rainfall among monitoring 
stations along the river as well as to develop thresholds to define 
high-intensity, short-duration storms. Results suggest that rainfall 
among the monitoring stations within the river corridor is spatially 
correlated at separation distances of tens of kilometers and less, 
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and is not correlated at the large elevation differences that separate 
the Colorado River from the canyon rims. Spatial variability is 
additionally influenced by canyon and rim physiography, and 
proximity to important orographic features where rainfall likely 
concentrates on the rim and subsequently along the river. Relations 
between daily rainfall depth and intensity developed from short-
term, high-resolution data were applied to lower-resolution, 
longer-term data to synthesize a long-term record of daily rainfall 
intensity from 1950–2012; such a dataset did not previously exist. 
The utility of an estimated daily rainfall intensity record was 
demonstrated for evaluating the potential for high-intensity, short-
duration rainfall as a driver for differences between previously 
documented overland flow erosion and recent surface changes. 
The analyses and synthesized intensity records (appendix 4, online 
only) will be of use in studies that investigate landscape change 
and the role of geomorphic complexity within similar rainfall 
regimes in the Grand Canyon region. Additionally, these data can 
be used for evaluating historic time periods and the role rainfall 
patterns may have played in significant erosion and gullying 
within the canyon; particularly for archaeological sites and cultural 
properties that are currently monitored for damage from erosion. 
More generally, this study will be useful for efforts to advance 
understanding of rainfall complexity in deep canyons.
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Appendix 1. National Ocean and Atmospheric Administration 
Cooperative Observer Stations within the Grand Canyon Region

Table 1-1.  Cooperative Observer (COOP) station summary.
[Station information summaries were adapted from the National Climate Data Center: http://www.ncdc.noaa.gov/cdo-web/. * indicates stations not used in the 
regional daily average presented in figure 7 and table 1 in the main report]

Map 
ID

Station COOP ID
Latitude 
(decimal 
degrees)

Longitude 
(decimal 
degrees)

Elevation 
(meters)

Date range 
(YYYY—YYYY)

1 Phantom Ranch, Arizona (Grand Canyon National Park)* 26471 36.1066 -112.0947 771 1935—2015

2 Lees Ferry, Arizona (Glen Canyon National Recreation Area)* 24849 36.8644 -111.6022 978 1928—2011

3 Grand Canyon Headquarters, Arizona (Grand Canyon National Park) 23591 36.0500 -112.1333 2,100 1903—1957

4 Grand Canyon National Park Station 1, Arizona (Grand Canyon National Park) 23595 36.0500 -112.1333 2,120 1957—1977

5 Grand Canyon National Park Station 2, Arizona (Grand Canyon National Park) 23596 36.0527 -112.1502 2,068 1976—2011
6 Supai, Arizona 28343 36.2000 -112.7000 977 1956—1987
7 Peach Springs, Arizona 26328 35.5405 -113.4236 1,473 1940—2005
8 Pierce Ferry Station 17 SSW, Arizona (Lake Mead National Recreation Area) 26538 35.8833 -114.0833 1,176 1963—1984
9 Meadview, Arizona 25426 36.0184 -114.0781 896 1996—2015
10 Pierce Ferry Station 1, Arizona (Lake Mead National Recreation Area) 26536 36.1167 -114.0000 418 1948—1952
11 Temple Bar, Arizona (Lake Mead National Recreation Area) 28516 36.0300 -114.3288 390 1987—2007
12  Mount Trumbull, Arizona (Grand Canyon National Park- Parashant National 

Monument)
25744 36.4167 -113.3500 1,708 1925—1978

13 Tuweep, Arizona (Grand Canyon National Park-Parashant National Monument) 28895 36.2861 -113.0636 1,455 1941—1985

14 Bright Angel Rangers Station, Arizona (Grand Canyon National Park) 21001 36.2147 -112.0619 2,438 1931—2015
15 Buffalo Ranch, Arizona (Grand Canyon National Park) 21042 36.4667 -111.9500 1,726 1959—1962
16 Page, Arizona 26180 36.9208 -111.4483 1,302 1957—2011
17 Wahweep, Arizona (Glen Canyon National Recreation Area) 29114 36.9953 -111.4914 1,137 1961—2012
18 Glen Canyon City, Utah 423232-1 37.0769 -111.6638 1,268 1962—2015
19 Big Water, Utah 423232-2 37.0769 -111.6638 1,250 1962—1974
20 Alton, Utah 420086 37.4402 -112.4819 2,164 1916—2015
21 Kanab, Utah 424508 37.0286 -112.5366 1,494 1931—2015
22 Fredonia, Arizona 23250 36.9415 -112.5259 1,421 1937—2010
23 Pipe Springs National Monument, Arizona 26616 36.8586 -112.7386 1,500 1963—2015
24 Bryce Canyon National Park Station 1, Utah (Bryce Canyon National Park) 421006 37.6333 -112.1833 2,425 1971—1978
25 Bryce Canyon National Park Station 2, Utah (Bryce Canyon National Park) 421007 37.6333 -112.1833 2,425 1933—1959
26 Bryce Canyon National Park Headquarters, Utah (Bryce Canyon National Park) 421008 37.6411 -112.1689 2,413 1959—2015
27 Tropic, Utah 428847 37.6258 -112.0811 1,914 1897—1999
28 Henrieville, Utah 423847 37.5667 -112.0000 1,833 1963—1979
29 Kodachrome Basin, Utah (Kodachrome Basin State Park) 424755 37.5141 -111.9883 1,769 1979—2015
30 Paria Ranger Station, Arizona 426640 37.1047 -111.9000 1,341 1999—2015

 

http://www.ncdc.noaa.gov/cdo-web/
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Base map adopted from: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNEG/Airbus DS, USDA, USGG, ACX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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Figure 1-1.  National Ocean and Atmospheric Administration Cooperative Observer station locations (red triangles) used within the 
Grand Canyon region. Grand Canyon region designation adapted from Hereford and others (2014). Station labels correspond to the 
Map ID in table 1-1. Study reach of the Colorado River in blue.
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Appendix 2. Akaike Information Criteria Calculation Results for 
Multi-Station Geographic Groups

The Akaike Information Criteria (AIC) statistical analysis was used to compare linear regression models from individual stations 
to regression equations calculated from combined data in multi-station geographic groups (table 1 in the main report). Tables 2-1–2-5 
provide the results of those calculations, including important intermediary statistics such as the sum of squared errors (SSE) and number 
of paired observations (n) used in the calculation. Station locations are shown in figure 2-1.

Table 2-1.  Results of Akaike Information Criteria (AIC) on select stations using regression equations derived separately from each 
station. SSE, sum of squared errors; n, number of paired observations.

Geographic group Station
Dry season Warm season Cool season

SSE n AIC SSE n AIC SSE n AIC

CICSraw AZ G:03:0072 11.196 52 -75.858 21.906 132 -233.078 25.554 127 -199.630
AZ B:11:0281 18.553 71 -91.287 20.945 102 -157.473 37.508 142 -185.041
AZ C:13:0346 14.872 71 -106.989 17.067 107 -192.418 24.063 122 -194.047

AZ C:13:0006 13.966 77 -127.453 16.818 75 -108.129 28.171 134 -204.979
AZ C:05:0031 13.898 90 -164.127 20.057 103 -164.522 27.929 114 -156.343

CICScorr AZ G:03:0072 11.196 52 -75.858 21.906 132 -233.078 25.554 127 -199.630
AZ B:11:0281 18.553 71 -91.287 20.945 102 -157.473 37.508 142 -185.041
AZ C:13:0346 14.872 71 -106.989 17.067 107 -192.418 24.063 122 -194.047
AZ C:13:0006 13.966 77 -127.453 16.818 75 -108.129 28.171 134 -204.979
AZ C:05:0031 13.898 90 -164.127 20.057 103 -164.522 27.929 114 -156.343

MCGN- Kaibab 
Plateau

North-1 7.900 55 -102.727 25.084 113 -166.083 29.324 167 -286.513
Tater-1 13.461 84 -149.809 35.727 139 -184.842 27.739 198 -385.157
Tater-2 13.327 95 -182.588 37.748 122 -139.116 32.722 198 -352.445
Kane-2 16.385 82 -128.049 35.371 121 -144.818 28.081 198 -382.729
Kane-1 9.804 82 -170.159 29.068 109 -140.067 33.812 198 -345.958

MCGN - South Rim Water-2 12.037 56 -82.092 17.001 81 -122.457 20.962 129 -230.407
Cedar-1 10.009 40 -51.414 30.176 87 -88.122 17.923 115 -209.770
Tan-1 8.395 31 -36.495 27.905 101 -125.918 26.655 143 -236.223
Lime 7.534 46 -79.223 16.679 88 -142.362 22.318 118 -192.506
Water-G 6.844 56 -113.712 12.040 77 -138.880 18.343 112 -198.637

MCGN North Rim North-G 6.274 42 -75.855 22.152 88 -117.386 13.680 122 -262.949
Badger-1 6.318 54 -111.860 22.960 86 -109.570 23.849 172 -335.830
Badger-G 10.573 53 -81.438 26.992 77 -76.715 21.927 116 -189.243
House-1 7.306 54 -104.015 25.631 99 -129.781 29.475 162 -272.059
House-2 6.714 64 -140.302 25.361 91 -112.265 19.727 128 -235.365
Rider-G 5.621 31 -48.934 18.502 86 -128.136 16.487 101 -179.065
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Geographic group Station
Dry season Warm season Cool season

SSE n AIC SSE n AIC SSE n AIC
CICSraw AZ G:03:0072 12.423 52 -70.448 22.223 132 -231.179 25.819 127 -198.322

AZ B:11:0281 20.476 71 -84.284 20.945 102 -157.473 37.864 142 -183.698
AZ C:13:0346 15.321 71 -104.877 17.192 107 -191.639 24.273 122 -192.990
AZ C:13:0006 14.928 77 -122.322 17.508 75 -105.113 28.810 134 -201.975
AZ C:05:0031 15.227 90 -155.909 20.130 103 -164.149 28.471 114 -154.152

CICScorr AZ G:03:0072 11.687 52 -73.626 22.039 132 -232.276 26.266 127 -196.142
AZ B:11:0281 20.860 71 -82.965 21.137 102 -156.541 37.996 142 -183.204
AZ C:13:0346 14.979 71 -106.480 17.258 107 -191.228 25.327 122 -187.804
AZ C:13:0006 14.074 77 -126.860 17.902 75 -103.442 31.729 134 -189.043
AZ C:05:0031 14.231 90 -161.995 20.524 103 -162.153 28.138 114 -155.495

MCGN- Kaibab Plateau North-1 20.377 55 -50.611 43.880 113 -102.890 65.436 167 -152.466
Tater-1 25.521 84 -96.070 59.966 139 -112.856 56.106 198 -245.683
Tater-2 25.666 95 -120.326 51.184 122 -101.968 69.918 198 -202.107
Kane-2 29.390 82 -80.137 54.391 121 -92.750 59.821 198 -232.987
Kane-1 20.002 82 -111.691 47.620 109 -86.263 69.483 198 -203.343

MCGN - South Rim Water-2 20.735 56 -51.636 20.778 81 -106.203 45.776 129 -129.650
Cedar-1 14.183 40 -37.473 35.538 87 -73.892 40.374 115 -116.376
Tan-1 10.035 31 -30.967 32.682 101 -109.956 43.047 143 -167.678
Lime 14.165 46 -50.182 25.517 88 -104.944 39.747 118 -124.403
Water-G 15.575 56 -67.661 18.232 77 -106.930 38.223 112 -116.406

MCGN - North Rim North-G 12.010 42 -48.582 30.080 88 -90.465 35.898 122 -145.247
Badger-1 11.945 54 -77.470 31.608 86 -82.082 59.427 172 -178.793
Badger-G 16.704 53 -57.197 32.548 77 -62.303 36.063 116 -131.526
House-1 15.207 54 -64.429 34.636 99 -99.972 64.656 162 -144.799
House-2 14.487 64 -91.079 29.417 91 -98.765 33.197 128 -168.746
Rider-G 10.448 31 -29.714 26.378 86 -97.635 29.179 101 -121.409

Table 2-2.  Results of Akaike Information Criteria (AIC) on select stations using regression equations derived from the combined U.S. 
Geological Survey Grand Canyon Monitoring and Research Center’s river corridor stations (GICSraw).

[GICSraw represents GICS data without a correction factor applied to make them comparable with tipping-bucket rain gauges. SSE, sum of squared errors; n, 
number of paired observations]
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Table 2-3.  Results of Akaike Information Criteria (AIC) on select stations using regression equations derived from the combined U.S. 
Geological Survey Grand Canyon Monitoring and Research Center’s river corridor stations that had a correction factor applied to make 
them comparable with tipping-bucket rain gauges (GICScorr). SSE, sum of squared errors; n, number of paired observations.

Geographic group Station
Dry season Warm season Cool season

SSE n AIC SSE n AIC SSE n AIC
CICSraw AZ G:03:0072 13.807 52 -64.954 22.904 132 -227.195 27.679 127 -189.488

AZ B:11:0281 20.975 71 -82.574 21.136 102 -156.546 40.312 142 -174.804
AZ C:13:0346 16.547 71 -99.411 17.528 107 -189.566 25.435 122 -187.285
AZ C:13:0006 16.742 77 -113.494 17.394 75 -105.600 28.325 134 -204.248
AZ C:05:0031 17.343 90 -144.195 20.123 103 -164.186 30.876 114 -144.910

CICScorr AZ G:03:0072 12.424 52 -70.444 22.224 132 -231.173 25.819 127 -198.322
AZ B:11:0281 20.476 71 -84.284 20.945 102 -157.473 37.864 142 -183.698
AZ C:13:0346 15.321 71 -104.873 17.192 107 -191.637 24.273 122 -192.990
AZ C:13:0006 14.930 77 -122.316 17.507 75 -105.116 28.810 134 -201.974
AZ C:05:0031 15.228 90 -155.901 20.130 103 -164.151 28.471 114 -154.152

MCGN- Kaibab Plateau North-1 19.029 55 -54.375 41.826 113 -108.307 63.809 167 -156.670
Tater-1 25.346 84 -96.650 57.456 139 -118.800 49.703 198 -269.677
Tater-2 26.198 95 -118.379 49.559 122 -105.905 63.369 198 -221.579
Kane-2 29.830 82 -78.918 52.243 121 -97.625 56.486 198 -244.346
Kane-1 20.399 82 -110.083 45.797 109 -90.517 57.676 198 -240.217

MCGN - South Rim Water-2 23.171 56 -45.416 20.699 81 -106.513 49.406 129 -119.806
Cedar-1 14.000 40 -37.993 34.163 87 -77.324 39.706 115 -118.294
Tan-1 10.402 31 -29.852 32.014 101 -112.043 48.383 143 -150.969
Lime 15.115 46 -47.194 25.228 88 -105.947 42.345 118 -116.930
Water-G 19.078 56 -56.301 18.588 77 -105.441 42.977 112 -103.277

MCGN - North Rim North-G 13.517 42 -43.617 29.896 88 -91.006 37.381 122 -140.309
Badger-1 12.966 54 -73.038 31.077 86 -83.537 58.029 172 -182.886
Badger-G 19.069 53 -50.178 33.155 77 -60.881 39.028 116 -122.361
House-1 15.203 54 -64.445 33.396 99 -103.582 64.356 162 -145.553
House-2 17.606 64 -78.601 29.224 91 -99.364 34.793 128 -162.735
Rider-G 11.663 31 -26.304 26.520 86 -97.176 30.050 101 -118.439
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Table 2-4.  Results of Akaike Information Criteria (AIC) on select stations using regression equations derived from the combined U.S. 
Geological Survey Marble Canyon Gauge Network lower elevation tipping bucket rain gauges (MCGN). SSE, sum of squared errors; n, 
number of paired observations.

Geographic group Station
Dry season Warm season Cool season

SSE n AIC SSE n AIC SSE n AIC
CICSraw AZ G:03:0072 34.684 52 -17.059 48.383 132 -128.483 96.805 127 -30.479

AZ B:11:0281 67.956 71 0.889 38.561 102 -95.218 93.384 142 -55.514
AZ C:13:0346 46.098 71 -26.665 39.464 107 -102.727 89.106 122 -34.332
AZ C:13:0006 45.139 77 -37.122 26.833 75 -73.090 87.156 134 -53.639
AZ C:05:0031 62.429 90 -28.920 38.575 103 -97.159 82.288 114 -33.161

CICScorr AZ G:03:0072 41.166 52 -8.148 52.958 132 -116.556 109.811 127 -14.470
AZ B:11:0281 80.270 71 12.713 41.217 102 -88.423 101.060 142 -44.296
AZ C:13:0346 55.424 71 -13.584 41.973 107 -96.131 109.204 122 -9.518
AZ C:13:0006 55.413 77 -21.332 30.086 75 -64.506 107.391 134 -25.663
AZ C:05:0031 78.861 90 -7.891 42.552 103 -87.052 97.794 114 -13.480

MCGN- Kaibab Plateau North-1 10.302 55 -88.125 26.966 113 -157.907 30.950 167 -277.501
Tater-1 14.080 84 -146.032 39.464 139 -171.013 34.577 198 -341.523
Tater-2 14.910 95 -171.926 38.764 122 -135.878 36.798 198 -329.200
Kane-2 17.309 82 -123.551 37.895 121 -136.477 31.102 198 -362.497
Kane-1 10.987 82 -160.817 31.933 109 -129.820 40.258 198 -311.407

MCGN - South Rim Water-2 12.238 56 -81.166 17.262 81 -121.220 21.615 129 -226.450
Cedar-1 10.427 40 -49.779 31.545 87 -84.260 20.942 115 -191.866
Tan-1 8.617 31 -35.686 28.265 101 -124.622 30.713 143 -215.957
Lime 7.690 46 -78.283 16.947 88 -140.957 22.668 118 -190.667
Water-G 8.083 56 -104.394 12.157 77 -138.137 19.538 112 -191.568

MCGN - North Rim North-G 6.282 42 -75.798 22.440 88 -116.253 13.961 122 -260.462
Badger-1 6.340 54 -111.670 23.061 86 -109.192 26.577 172 -317.201
Badger-G 11.219 53 -78.290 29.715 77 -69.317 22.994 116 -183.730
House-1 8.084 54 -98.549 25.704 99 -129.499 31.050 162 -263.622
House-2 9.094 64 -120.884 25.688 91 -111.100 20.295 128 -231.733
Rider-G 5.895 31 -47.455 18.983 86 -125.930 16.801 101 -177.164
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Table 2-5.  Results of Akaike Information Criteria (AIC) on select stations using regression equations derived from the combined U.S. 
Geological Survey Marble Canyon Gauge Network higher elevation tipping bucket rain gauges located on the Kaibab Plateau (MCGN-
Kaibab). SSE, sum of squared errors; n, number of paired observations.

Geographic group Station
Dry season Warm season Cool season

SSE n AIC SSE n AIC SSE n AIC
CICSraw AZ G:03:0072 41.327 52 -7.946 59.787 132 -100.546 102.629 127 -23.060

AZ B:11:0281 78.768 71 11.372 47.531 102 -73.887 102.481 142 -42.313
AZ C:13:0346 54.849 71 -14.325 50.511 107 -76.319 88.332 122 -35.396
AZ C:13:0006 54.068 77 -23.225 31.428 75 -61.234 86.410 134 -54.791
AZ C:05:0031 74.641 90 -12.841 46.045 103 -78.925 83.431 114 -31.588

CICScorr AZ G:03:0072 48.311 52 0.173 63.582 132 -92.421 94.792 127 -33.148
AZ B:11:0281 92.306 71 22.632 48.982 102 -70.818 103.390 142 -41.059
AZ C:13:0346 64.712 71 -2.584 51.727 107 -73.774 103.940 122 -15.546
AZ C:13:0006 65.205 77 -8.803 34.190 75 -54.917 101.257 134 -33.543
AZ C:05:0031 93.597 90 7.527 136.156 103 32.745 94.580 114 -17.290

MCGN- Kaibab Plateau North-1 8.173 55 -100.858 25.112 113 -165.956 29.918 167 -283.160
Tater-1 13.642 84 -148.683 35.850 139 -184.365 28.245 198 -381.572
Tater-2 13.366 95 -182.313 38.128 122 -137.895 32.941 198 -351.123
Kane-2 16.514 82 -127.406 35.382 121 -144.781 28.424 198 -380.321
Kane-1 9.834 82 -169.910 29.208 109 -139.543 34.831 198 -340.076

MCGN - South Rim Water-2 13.551 56 -75.456 19.860 81 -109.865 25.588 129 -204.680
Cedar-1 10.261 40 -50.422 33.425 87 -79.224 18.285 115 -207.469
Tan-1 9.723 31 -31.943 30.793 101 -115.971 39.136 143 -181.299
Lime 7.799 46 -77.632 18.356 88 -133.931 26.633 118 -171.645
Water-G 9.911 56 -92.976 13.608 77 -129.451 24.585 112 -165.835

MCGN - North Rim North-G 6.871 42 -72.036 24.291 88 -109.275 37.381 122 -140.309
Badger-1 7.436 54 -103.061 24.866 86 -102.714 24.672 172 -329.992
Badger-G 13.042 53 -70.310 34.796 77 -57.162 28.235 116 -159.912
House-1 7.343 54 -103.745 27.106 99 -124.241 30.185 162 -268.203
House-2 12.830 64 -98.855 28.622 91 -101.258 24.085 128 -209.818
Rider-G 6.756 31 -43.229 20.872 86 -117.772 20.410 101 -157.507
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Base map adopted from: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNEG/Airbus DS, USDA, USGG, ACX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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Figure 2-1.  Map of station locations used in the Akaike Information Criteria (AIC) analysis. Station labels refer to the station 
designations used in tables 2-1–2-5. Study reach of the Colorado River in blue.
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Appendix 3. Plot of rainfall depth-intensity relation for multi-
station geographic groups.

U.S. Geological Survey Grand Canyon Monitoring and Research Center inner 
canyon stations (GICS).

The following plots (figs. 3-1 and 3-2) represent maximum daily 10-minute rainfall intensity as a function of daily rain-
fall depth (daily accumulation) for observed rainfall during the 2007–10 assessment period (GICSraw) and for rainfall records 
corrected with Basara and others (2009) coefficient of compatibility with tipping bucket rain gauges (GICScorr). Plots are 
presented by season (dry season from April 1 to June 30, warm season from July 1 to October 7, and cool season from October 8 
through March 31) in log space to reduce skewness and heteroscedasticity. 

Marble Canyon Gauge Network stations (MCGN).
The following plots (figs. 3-3 and 3-4) represent maximum daily 10-minute rainfall intensity as a function of daily rainfall 

depth (daily accumulation) for observed rainfall during the 2007–10 assessment period for stations within the Marble Canyon 
Gauge Network on the Kaibab Plateau (MCGN –Kaibab) and lower elevation stations. Plots are presented by season (dry season 
from April 1 to June 30, warm season from July 1 to October 7, and cool season from October 8 through March 31) in log space 
to reduce skewness and heteroscedasticity. 
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Figure 3-1.  Plot of U.S. Geological Survey Grand Canyon 
Monitoring and Research Center inner canyon stations 
uncorrected (GICSraw) seasonal depth-intensity relations.
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Figure 3-2.  Plot of Plot of U.S. Geological 
Survey Grand Canyon Monitoring and Research 
Center inner canyon stations corrected (GICScorr) 
seasonal depth-intensity relations.
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Figure 3-3.  Plot of Marble Canyon Gauge Network 
on the Kaibab Plateau (MCGN –Kaibab) seasonal 
depth-intensity relations.
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Figure 3-4.   Plot of lower elevation Marble 
Canyon Gauge Network seasonal depth-intensity 
relations.
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