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Abstract 24	

 During 9th-16th September 2013, the Front Range region of Colorado experienced 25	

heavy rainfall that resulted in severe flooding. Precipitation totals for the event exceeded 26	

450 mm, damages to public and private properties were estimated to be over $2 billion, 27	

and nine lives were lost. This study analyzes the characteristics of precipitable water 28	

(PW) surrounding the event using 10 years of high-resolution GPS PW data in Boulder, 29	

Colorado, which was located within the region of maximum rainfall. PW in Boulder is 30	

dominated by seasonal variability with an average summertime maximum of 36 mm. In 31	

2013, the seasonal PW maximum extended into early September and the September 32	

monthly mean PW exceeded the 99th percentile of climatology with a value 25% higher 33	

than the 40 year climatology. Prior to the flood, around 18 UTC on 8 September, PW 34	

rapidly increased from 22mm to 32mm and remained around 30mm for the entire event 35	

as a result of the nearly saturated atmosphere. The frequency distribution of September 36	

PW for Boulder is typically normal, but in 2013 the distribution was bimodal due to a 37	

combination of above average PW values from September 1st-15th and much drier 38	

conditions from 16th-30th September. The above normal, near saturation PW values 39	

during the flood were the result of large-scale moisture transport into Colorado from the 40	

eastern tropical Pacific and the Gulf of Mexico. This moisture transport was the product 41	

of a stagnating, cutoff low over the southwestern United States working in conjunction 42	

with an anticyclone located over the southeastern United States. A blocking ridge located 43	

over the Canadian Rocky Mountains kept both of the synoptic features in place over the 44	

course of several days, which helped to provide continuous moisture to the storm, thus 45	

enhancing the accumulated precipitation totals. 46	
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1. Introduction  70	

During 9th-16th September 2013, multiple local and state precipitation records 71	

were broken when low-level, easterly flow interacted with an anomalous moisture pool 72	

over the Front Range region of Colorado to produce one of the largest floods in state 73	

history (Colorado Climate Center, 2013). The heaviest and most persistent rainfall 74	

occurred on the 11th and 12th of September, with a maximum centered over Boulder and 75	

Larimer counties (Fig. 1). In the hardest hit areas, total precipitation accumulation 76	

exceeded 450 mm (17.7 in) (Gochis et al. 2015). The city of Boulder set multiple records, 77	

observing 292.6 mm over the course of two days and 341.8 mm over the course of three 78	

days. The resultant flooding claimed nine lives and caused 1,100 documented landslides. 79	

Damages to public and private properties were estimated to be over $2 billion (Gochis et 80	

al. 2015).  81	

The following summary of the September 2013 event was first presented in 82	

Gochis et al. (2015). Surface temperatures were in the 16-18 °C (60-64 °F) range and 83	

precipitable water (PW) values were high. Periods of heavy precipitation exceeding       84	

25 mm (1 in) per hour, along with flooding, began on the evening of 11th September, with 85	

the heaviest portions over the Front Range, the area outlined in Fig. 1. The mountainous 86	

region between Boulder and Estes Park experienced the heaviest rain rates, which ranged 87	

from 25-50 mm (1-2 in) per hour and resulted in an overnight total exceeding 200 mm   88	

(8 in). Somewhat lighter rainfall continued into the 12th, becoming intense once more 89	

during the afternoon hours and increasing rainfall totals to over 380 mm (15 in) in the 90	

Boulder to Estes Park region. By the 13th, precipitation had finally lessened to 91	

intermittent showers and widespread drizzle, finally clearing on the 14th. A final surge of 92	
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moisture occurred on the 15th and resulted in 25-50 mm (1-2 in) of widespread, moderate 93	

rainfall on soils that were already saturated, thus increasing the amount of runoff. 94	

This event was uncharacteristic, not only because of its rainfall amounts but also 95	

because of the time of year in which it occurred. Petersen et al. (1999) examined the 96	

climatology of precipitation events over the Front Range region and found that, while a 97	

majority of events occur between April and October, the convective classification of the 98	

events differ depending on what time of year they occur in. There are two peaks in the 99	

event distribution, the first of which occurs in late May to early June. Precipitation events 100	

during this time are synoptic, or large, scale and quasi-stationary. The precipitation in 101	

these events is enhanced orographically and locally, and is typically widespread and of 102	

moderate intensity. The second peak in precipitation events occurs from late July into 103	

early September with a pronounced maximum frequency from late July into early 104	

August. The storms in these events generally have a small areal extent and are highly 105	

convective. The September 2013 event was quasi-stationary and synoptic with 106	

precipitation controlled by localized and orographic enhancements. The areal extent of 107	

the 2013 event was large and the rainfall was of moderate intensity. According to the 108	

climatology completed by Petersen et al. (1999), this type of event was more typical of 109	

storms which occur in late May to early June. However, this event occurred at a time of 110	

year when precipitation tends to be highly convective and of small areal extent, so the 111	

timing, as well as the amount of rainfall, was abnormal. 112	

In another study which examined the climatology of rainfall events in Colorado, 113	

Mahoney et al. (2015) found that the region of Colorado east of the Continental Divide 114	

does not generally experience heavy precipitation events in the fall because it is during 115	
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this time of year that the region experiences seasonal atmospheric drying. They did note 116	

that there was enhanced climatological variability in September and October, making it 117	

difficult to place these months into the same category as the drier months (November- 118	

February). In general, east of the Continental Divide experiences most of its precipitation 119	

in the spring and summer months, with the Front Range receiving a majority of its 120	

moisture in the spring. However, extreme precipitation events are not limited to these 121	

seasons and can also occur in fall and winter months.  122	

Flooding due to extreme precipitation events can occur at any time of the year 123	

because all elevations in all seasons are prone to experiencing heavy precipitation. This is 124	

partially represented by the dates in Table 1, which compares the September 2013 event 125	

to previous heavy precipitation events in Northern Colorado history that resulted in 126	

catastrophic flooding (Colorado Climate Center; Maddox et al. 1977; Petersen et al. 127	

1999; Gochis et al. 2015). Prior to the September 2013 event, there were 5 events on 128	

record that were classified as comparable to the 2013 event by the Colorado Climate 129	

Center. However, all except one of these storms took place in the spring and summer 130	

months, as would be expected from the climatology of the rainfall events presented in 131	

earlier.  132	

Out of the events listed in Table 1, the Colorado Climate Center noted that the 133	

event that occurred on 1st-12th September 1938 near Fort Collins, Colorado was the most 134	

similar in timing and magnitude to the September 2013 event. Observers recorded 8-10 135	

inches of rainfall and the surrounding region experienced severe flooding. However, 136	

there is not much else known about this event because the amount of recorded 137	

atmospheric data available from this time period is limited. Comparing the September 138	
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2013 event to the 5 previous events in Table 1, this event had the highest total rainfall and 139	

caused the most damage, as is seen by the total cost of the event. This event also had a 140	

vast areal coverage, with heavy precipitation occurring from Denver all the way into 141	

southern Wyoming. Flooding took place as far to the east as Nebraska and caused a lot of 142	

damage to infrastructure along the Front Range of Colorado. 143	

The amount of precipitation that fell during the September 2013 event required a 144	

large amount of moisture at a time when atmospheric moisture was beginning to decrease 145	

from higher summer values (Mahoney et al., 2015). Moisture transport and quantity are 146	

important aspects to evaluate when investigating heavy precipitation events. However, 147	

there has not been a vast amount of research examining the characteristics of PW during 148	

heavy precipitation events. Such characteristics are important to understand because they 149	

could influence future weather and climate trends. Kunkel et al. (2013) found an 150	

increasing trend in atmospheric PW quantities associated with extreme precipitation 151	

events and suggested this trend could lead to an increase in storm intensity. While 152	

Hoerling et al. (2014) noted that the September 2013 event was probably not connected 153	

to climate change, they did find that heavy precipitation events are becoming more 154	

frequent and Karl and Trenberth (2003) found evidence that the number of heavy 155	

precipitation events is expected to increase with increasing global temperatures, such as 156	

we are experiencing now. The observed and projected increase in the number of heavy 157	

precipitation events, combined with the uncertainty of how PW contributes to 158	

characteristics of these events, motivated an investigation of PW characteristics 159	

surrounding the 2013 event so as to better understand the contributions of PW to an 160	
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extreme precipitation event with the objective to someday apply these results to future 161	

research incorporating a wider variety of events. 162	

As the aim of this research was to examine the characteristics of atmospheric PW 163	

during the 2013 Colorado Flood, data with a high spatial and temporal resolution was 164	

needed to resolve features within the event. GPS receivers are much more densely spaced 165	

with a total of 236 stations over North America than the radiosonde network, which has a 166	

total of 92 stations. The higher density of observations in the GPS network results in a 167	

higher spatial resolution with which to analyze storm features and water vapor transport. 168	

GPS data also has a much higher temporal resolution of anywhere from 30 minutes to 169	

two hours, as compared to the standard, twice-daily launching of radiosondes.  170	

The primary goal of this research was to investigate the magnitude and characteristics 171	

of PW over the Front Range region associated with the September 2013 event. The goal 172	

of this study was to answer the following scientific questions. 173	

(1) What were the characteristics of PW surrounding this event? This portion of 174	

research was focused on the examination of the temporal variability of PW, as 175	

well as a comparison with climatology, before, during, and after the event.  176	

(2) Where did the moisture for the 2013 event originate? To answer this question, 177	

synoptic-scale dynamics and pre-existing conditions that led to large-scale, 178	

continuous moisture transport were evaluated. 179	

2. Data and Methodology 180	

2.1 Precipitable Water Datasets 181	

Two datasets were used to analyze PW characteristics surrounding the 2013 event. 182	

The first of these was a two-hourly, long-term (1995-2015) PW dataset (Wang et al. 183	
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2007; Mears et al. 2015; Mears et al. 2016). The PW in this dataset is derived using 5-184	

minute International Global Navigation Satellite System (GNSS) Service (IGS) Zenith 185	

Total Delay (ZTD) data. The analysis technique for the interpolation and conversion of 186	

ZTD to PW is summarized in Wang et al. (2007) and two key variables used in the 187	

conversion are water-vapor-weighted atmospheric temperature (Tm) and surface pressure 188	

(Ps). ZTD is represented as the sum of the Zenith Hydrostatic Delay (ZHD), which is a 189	

function of Ps, and the Zenith Wet Delay (ZWD), which is a function of PW and Tm. The 190	

2-hourly PW data from Boulder became available starting in 2004. 191	

The second PW dataset used in this study was the 30-minute SuomiNet dataset from 192	

the Constellation Observing System for Meteorology, Ionosphere, and Climate 193	

(COSMIC) group (Ware et al. 2000). The SuomiNet network currently consists of over 194	

200 sites located around North America and the data are processed in near-real time from 195	

raw GPS data, the values of which do not differ greatly from post-processed GPS data. 196	

For this research, the standardized anomalies of the SuomiNet data were calculated by 197	

subtracting PW at each time step from the mean and dividing this by the standard 198	

deviation (Grumm and Hart 2001). The standardized anomaly data were gridded and 199	

interpolated using a general kriging method to a grid box of 0.5°X0.5°. Kriging is defined 200	

as optimized interpolation that is weighted by spatial covariance values and based on 201	

regression against observed values of surrounding data points (Bohling 2005). This 202	

method was chosen because of its simplicity and superior performance when compared 203	

with the inverse distance weighting (IDW) method (Zimmerman et al. 1999; Yasrebi et 204	

al. 2009).  205	

 206	
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2.2 Formulation of a GPS PW Climatological Dataset 207	

PW data for Boulder, Colorado were chosen to evaluate the PW variability of this 208	

region over the course of 10 years and compare this variability with that of 2013 to 209	

improve the understanding of how the September 2013 event differed from climatology. 210	

This region encompasses six SuomiNet stations and two IGS stations (Fig. 1a). To 211	

examine the anomalous nature of the flood, a dataset with a length of at least 10 years of 212	

observations was needed as a climatological standard for the analyzed region. While 10 213	

years is not long enough for a standard climatology of 30 years as defined by the World 214	

Meteorological Organization (WMO), GPS PW data for Boulder has only been available 215	

since 2004. The PW time series of each GPS station was initially examined to determine 216	

which, if any, station had a long enough data record to serve as the climatological 217	

standard, and also to check for data outliers and data continuity. No stations were found 218	

to have more than seven years of data and datasets that contained discontinuities were 219	

discarded. A major issue that appeared during this analysis was that only one SuomiNet 220	

and one IGS station had data observations during the September 2013 event, and neither 221	

of them had a lengthy dataset. A decision was made to combine the data from different 222	

stations in the region and make a 10-year dataset that included observations from the 223	

flood.  224	

The GPS PW data used to create the 10-year dataset were first quality-controlled by 225	

using several methods defined in Wang et al. (2007). The first method used was the range 226	

test in which the lower and upper limits of PW values were set as 0mm and 150mm, 227	

respectively. The second quality-control method used involved using the mean and 228	

standard deviation for each month to detect any outliers. This method required that at 229	
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least one-quarter of the data be present in order to have an adequate amount of 230	

observations so that the statistical aspects could be deemed accurate. Individual PW 231	

values within each month were analyzed and any values that were more than 4 standard 232	

deviations away from the monthly mean were discarded (Wang et al. 2007). The quality 233	

control removed 0.1% of the total data points for the station SA00 and less than 0.1% of 234	

the total data points for the rest of the stations. 235	

The next step in the creation of the 10-year dataset was to compare PW data among 236	

the stations. PW is strongly dependent on elevation so any station that had an elevation 237	

above 1,800 m was eliminated because these receivers were located too far above the 238	

elevation of Boulder (1655 m). To remain consistent, the remaining stations were 239	

compared to the station with the longest dataset and elevation closest to that of Boulder 240	

(DSRC). Five stations were chosen for the merged 10-year PW dataset (Fig. 2) because 241	

their averaged PW differences were not statistically significant from one another and the 242	

elevation differences between all stations were less than 50 m. A more thorough analysis 243	

of the complete dataset and its comparison with 2013 is described in Sect. 3. The 244	

SuomiNet station, P041, also passed the statistical significance test, but did not have a 245	

complete record of data for 2013 so could not be included in the 10-year dataset. Instead, 246	

the 2013 PW data from P041 was used to analyze small-scale variability leading up to, 247	

and during, the flood period because it has a higher temporal resolution (30 minutes) than 248	

NIST (two-hourly), which was chosen for the 10-year dataset. 249	

2.3 Additional Datasets 250	

The data used as a long-term PW climatology dataset were twice-daily radiosonde 251	

data from the Stapleton airport in Denver, Colorado extracted from the homogenized 252	

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-414, 2017
Manuscript under review for journal Atmos. Meas. Tech.
Discussion started: 14 February 2017
c© Author(s) 2017. CC-BY 3.0 License.



	 12	

radiosonde dataset created by Dai et al. (2011) (Fig. 1b). This PW dataset was created by 253	

integrating specific humidity from the surface to 100hPa, is available from 1979 to 2013, 254	

and was homogenized using an advanced statistical approach that is more thoroughly 255	

described in Dai et al. (2011). 256	

The primary dataset used to evaluate moisture transport was the North American 257	

Regional Reanalysis (NARR) dataset, which is available from 1979 to the present 258	

(Mesinger et al. 2006). The domain for NARR is North America and the horizontal 259	

resolution is 32 km with 45 vertical layers. The NARR variables chosen for the 260	

evaluation of moisture transport surrounding the event were the 500 hPa geopotential 261	

height and the vertically integrated moisture flux. 262	

3. Precipitable Water Characteristics 263	

 Gochis et al. (2015) noted that the atmosphere over Northern Colorado was 264	

abnormally moist from 9th-16th September. Radiosondes captured PW values above       265	

30 mm, an abnormal value for a semi-arid climate. Gochis et al. (2015) also noted that 266	

the raindrop distribution during the event consisted of numerous small raindrops, which 267	

is more commonly observed in a tropical climate. To better understand how abnormal the 268	

atmospheric moisture was during this event, the magnitude, distributions, and variability 269	

of PW over Boulder were evaluated and compared to climatology. 270	

3.1 Temporal Variability of Precipitable Water 271	

 First, the temporal characteristics of September of 2013 were compared with the 272	

10-year GPS PW dataset described in Sect. 2.2. Figure 2 shows the time series of the 273	

merged 10-year PW dataset discussed in Sect. 2. The strongest PW variation is seasonal 274	

with a mean seasonality of 18mm and the summer peaks are coincident with the annual 275	
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occurrence of the wet season in Colorado. Also note that the belted appearance of this 276	

time series represents synoptic and diurnal PW variability, the latter of which has an 277	

average magnitude of 8 mm. The maximum value of PW for 2013 was 33.5 mm on 278	

September 12. Note the extension of high PW values from the summer months into early 279	

September of 2013. This extension is not observed in any of the other years contained in 280	

this dataset and is an indication that the atmosphere was anomalously moist for the time 281	

of year in which the flood occurred. 282	

Figure 3 zooms in on the extension of high PW values observed in September of 2013, 283	

giving a clearer view of the temporal variability of PW surrounding the flood event. The 284	

high PW values from 28th August - 5th September represent moisture associated with the 285	

end of the North American Monsoon. These high values begin to decrease around 6th 286	

September before quickly rising on September 9th into the 10th, with values spiking to 287	

above 30 mm. PW decreases slightly to 26 mm until the 11th, when it once again 288	

increases to above 30 mm where it remains until the 13th. After this, PW decreases to 289	

values closer to the September climatological average of 15 mm. An interesting point to 290	

take note of is that PW values stay relatively constant during the event despite the fact 291	

that continuous, and sometimes heavy, precipitation is occurring. For PW to remain at 292	

high values over multiple days, as was seen here, moisture needed to be continuously 293	

transported into the region (Gimeno et al. 2012). Had there not been a constant transport 294	

of moisture, PW would have decreased as atmospheric moisture condensed and formed 295	

precipitation. The examination of the moisture transport that fueled this event is 296	

presented in Sect. 4. 297	

 298	
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3.2 Precipitable Water Abnormality During the 2013 Flood 299	

 The consistently high values of PW during the time of heaviest precipitation in 300	

Fig. 3 led to an investigation to discern if the atmosphere over Boulder was fully 301	

saturated during the September 2013 event. To evaluate this, observed radiosonde PW 302	

data were compared with PW values that were calculated assuming a fully saturated 303	

atmosphere, i.e. 100% relative humidity from the surface up to 300 hPa. Figure 4 shows 304	

the comparison between these two variables from 6th-20th September 2013. Starting on 305	

10th September observed and fully saturated PW values were within 5 mm of each other, 306	

indicating an atmosphere that was very near to saturation during the course of the 307	

September 2013 event. Except for a period of time on 14th September when the 308	

atmosphere began to dry, observed PW stayed relatively close in value to the fully 309	

saturated PW until 16th September.  310	

Figure 5 compares monthly-averaged 2013 GPS data and radiosonde data to 40 and 10 311	

years of monthly-averaged radiosonde and GPS data, respectively. 2013 PW monthly 312	

averages were consistently lower than climatology until July. Up until July, the Front 313	

Range was still under drought conditions according to the National Climatic Data Center 314	

(NCDC) North American Drought Monitor. The monthly average for September of 2013 315	

was around 20 mm, approximately 25% higher than the long-term climatological monthly 316	

average for September. Also note that the monthly average for September of 2013 is 317	

above the 95th and 99th percentiles, which were calculated from 40 years of monthly-318	

averaged radiosonde data. McKee and Doesken (1997) evaluated extreme precipitation 319	

events for Colorado from the late 1800’s up until 1996 and found that, for these events, 320	

PW never exceeded the 95th percentile. That the monthly averaged PW for September of 321	
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2013 exceeded the 99th percentile when compared to 40 years of data shows just how 322	

anomalous the event was in terms of PW magnitude and timing. 323	

 Another tool used to evaluate how anomalous the 2013 Event was in terms of PW 324	

was to examine the PW frequency distributions. Foster et al. (2006) examined the 325	

monthly and annual frequency distributions of PW data for various stations and found 326	

that there were three main types of distributions for PW data: lognormal, which is the 327	

most common distribution around the world; reverse-lognormal, which represents an 328	

atmosphere near saturation; and bimodal, which occurs in regions with strong seasonal 329	

variability such as monsoonal zones.  330	

 To analyze PW frequency for this event, monthly distributions were created for 331	

June through September of 2004-2013 (Fig. 6). The skewness of each distribution was 332	

then calculated and these values, along with visual analysis, were used to determine if 333	

each distribution was normal, lognormal, reverse-lognormal, or bimodal. Bulmer (1979) 334	

provided guidelines for interpreting the skewness of a distribution that were employed 335	

when evaluating the distributions in this study. A normal distribution has a skewness 336	

from -0.5 to 0.5, while a positive (negative) skewness with its absolute values within 0.5 337	

to 1 represents a lognormal (reverse-lognormal) distribution (Bulmer 1979; Foster et al. 338	

2006).  339	

 Upon analyzing the distributions in Fig. 6, June through September primarily 340	

have normal distributions with September being, on average, slightly more positively 341	

skewed than the other months with a value of 0.32, although the distribution is still 342	

considered normal according to the conditions for skewness defined in Bulmer (1979). 343	

However, the seasonal variation in PW is still evident as July and August distributions 344	
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tend to have their highest frequencies over higher values of PW than either June or 345	

September. Also, despite most months having a normal distribution, there are four 346	

distributions which were labeled as lognormal because they have skewness values larger 347	

than 0.5: July 2005, September 2008, September 2010, and June 2013.  348	

The distribution that shows the largest shift in distribution from the other years is that 349	

of September of 2013, which had a bimodal distribution. Figure 7 shows a more detailed 350	

comparison of September of 2013 PW data with 10 years of GPS PW data and 40 years 351	

of radiosonde PW data. September of 2013 PW data were split up into two categories: 352	

“Flood”, which represents 1st-15th September; and “Post-Flood”, which represents 16th-353	

30th September. Fig. 7 shows how different September of 2013 is from climatology and 354	

also how the atmosphere during the “Flood” differed from the “Post-Flood” atmosphere. 355	

The atmosphere during the “Flood” was highly saturated, with a peak frequency around 356	

25 mm and PW values as high as 35 mm. The frequency distribution during this time was 357	

normal with a skewness value of 0.175. The “Post-Flood” atmosphere had a distinct 358	

lognormal distribution indicated by visual analysis and also by a skewness of 0.6838. The 359	

atmosphere at this time was considerably drier, with frequency peaking at 0.9 around      360	

7 mm of PW. 361	

4. Water Vapor Transport 362	

 The occurrence of heavy precipitation such as was observed during the September 363	

2013 event requires sufficient moisture supply to fuel it. In Sect. 3, PW was shown to 364	

spike rapidly prior to the flood and remain at highly anomalous values for the duration of 365	

the event. In order to more completely understand the PW characteristics of this event, it 366	

was important to investigate where the moisture originated and what mechanisms were 367	
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controlling the moisture transport that kept the atmosphere very near to saturation for 368	

seven consecutive days.  369	

The moisture source and transport for the September 2013 event was briefly 370	

investigated in previous literature. Gochis et al. (2015) noted that the sources of moisture 371	

for the event were the Gulf of Mexico and the eastern tropical Pacific Ocean, both of 372	

which had 1-3 °C above normal sea surface temperature (SST) anomalies. They stated 373	

that the moisture from these regions was transported into the Front Range by a cutoff low 374	

over the southwestern United States working in conjunction with an anticyclone over the 375	

southeastern United States. Both of these features were kept in place for multiple days by 376	

a blocking ridge located over the Canadian Rockies (Gochis et al. 2015). Trenberth et al. 377	

(2015) stated that the source of moisture for the September 2013 event was only from the 378	

eastern tropical Pacific Ocean, while Mahoney et al. (2015) claimed the moisture for the 379	

event came primarily from the Gulf of Mexico.  380	

Due to the slight variation of opinion on which body of water was the source of 381	

moisture for the event, this study further investigates moisture source and transport by 382	

examining NARR 500 hPa geopotential height and integrated water vapor flux in 383	

conjunction with the standardized anomaly of gridded SuomiNet PW data. Five times 384	

surrounding the event were chosen for analysis based on their proximity to rapid 385	

fluctuations in PW (Fig. 3). The three variables listed above are plotted in Fig. 8 at each 386	

of the five time steps.  387	

Figure 8a-c shows the atmospheric conditions on 6th September at 9 UTC, prior to 388	

the start of the event. There was a large ridge with 500 hPa geopotential heights above    389	

596 gpm over the western half of the United States (US) (Fig. 8a) which contributed to 390	
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higher temperatures and dried the atmosphere over Boulder as seen in Fig. 8c. At that 391	

point, there was no direct water vapor transport from either the Gulf of Mexico or the 392	

eastern Pacific (Fig. 8b).  393	

Moving on to 9th September at 18 UTC (Fig. 8d-f), a trough started to form over 394	

the western United States and an anticyclone shifted over the southeastern US (Fig. 8d). 395	

Together, these began transporting water vapor towards the northeast along the eastern 396	

flank of the trough from the eastern Pacific (Fig. 8e). This transport contributed to a belt 397	

of PW anomalies with magnitudes of 1.5 to 2.5 standard deviations over the southwestern 398	

and western US (Fig. 8f). The PW anomaly over Boulder at that point was between 1-1.5 399	

standard deviations and precipitation had not yet begun (Fig. 9). Water vapor appeared to 400	

travel to Colorado from the eastern Tropical Pacific at that time (Fig 8e). 401	

By 11th September at 6 UTC (Fig. 8g-i), the low pressure over the western US 402	

deepened and formed into a cut-off low (Fig. 8g). The low stagnated over the western US 403	

due to the influence of the blocking ridge under which it resided. The anticyclone over 404	

the eastern US also strengthened. Working in conjunction, the strengthening of the low 405	

and the high increased the southerly water vapor transport and there was a corridor of 406	

flux convergence over New Mexico and the direction of the flux over Northern Colorado 407	

was toward the Rocky Mountains (Fig. 8h). This resulted in a corridor of PW anomalies 408	

that stretched from the Mexican border to southern Wyoming (Fig. 8i). The magnitude of 409	

the PW anomaly over Boulder rose to between 2.5 to 3 standard deviations as the 410	

moisture pooled against the Rocky Mountains due to easterly water vapor transport. 411	

Light, orographically enhanced precipitation began and Boulder experienced rain rates 412	
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around 5mm h!! (Fig. 9). Water vapor was being transported into Colorado from the 413	

eastern Tropical Pacific and the Gulf of Mexico at this time (Fig 8h). 414	

By 12th September at 6 UTC (Fig. 8j-l), the anticyclone began to break down but 415	

the cutoff low deepened even further (Fig. 8j). Water vapor was still being transported 416	

into the region from the Gulf of Mexico by the synoptic conditions with an easterly 417	

component of the flux continuing to pool water vapor against the Rocky Mountains (Fig. 418	

8k). However, the transport of moisture into Colorado appeared to have weakened 419	

substantially and the eastern Tropical Pacific was no longer a source of moisture. There 420	

was still a corridor of PW anomalies coinciding with the regions of strong water vapor 421	

flux and the magnitude of the anomaly over Boulder was still between 2.5 to 3 standard 422	

deviations (Fig. 8l). Precipitation intensified over the past 24 hours and Boulder 423	

experienced up to 35mm h!! of rainfall (Fig. 9). While a majority of the rainfall was 424	

orographically-enhanced, the occasional intense periods of rainfall were a result of 425	

mesoscale circulations, as was noted by Gochis et al. (2015). 426	

By 14th September at 21 UTC (Fig. 8m-o), the blocking ridge broke down, which 427	

allowed synoptic conditions to shift eastward, and the cutoff low once again became a 428	

trough (Fig. 8m). This resulted in the water vapor flux also shifting eastward (Fig. 8n). 429	

The PW anomaly over Boulder decreased to between 1 to 2 standard deviations (Fig. 8o).  430	

Rainfall for the event ended at this point, excluding a peak that occurred during the 431	

afternoon of 15th September (Fig. 9). 432	

Upon comparing NARR integrated moisture flux with 500 hPa geopotential 433	

height and observed standardized PW anomalies, it was found that the strength and 434	

location of moisture transport varied over the course of the event. Prior to the event, on 435	
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9th September, moisture from the eastern tropical Pacific appears to have been transported 436	

up to Colorado by a stagnating cutoff low over the southwestern US. Starting on 10th 437	

September, the cutoff low and subtropical anticyclone promoted southerly flow into 438	

Colorado from the eastern tropical Pacific and the Gulf of Mexico. As of the 12th 439	

September, the eastern tropical Pacific no longer provided moisture for the event and the 440	

Gulf of Mexico was the sole source of moisture. By the 14th September, the transport of 441	

moisture into Colorado had significantly weakened due to the eastward shift of the 442	

synoptic pattern. The moisture transport was dependent on the strength and location of 443	

the dominant synoptic features, and based on the analysis shown in Fig. 8 the moisture 444	

has been transported into Colorado from both the Eastern Tropical Pacific and the Gulf of 445	

Mexico. These results are most consistent with the findings of Gochis et al. (2015), but 446	

do not discount the results found in Trenberth et al. (2015) and Mahoney et al. (2015).  447	

5. Conclusions 448	

The aim of this research was to analyze PW characteristics surrounding the 449	

September 2013 event and compare them to climatology. Monthly averaged PW values 450	

in the GPS dataset for September of 2013 was above the 99th percentile when compared 451	

to the climatological data as well as around 25% higher than the monthly-averaged 452	

climatological mean value for September. That the monthly average for September of 453	

2013 was so far above the climatology for 10 and 40 years of data indicates how 454	

anomalous the atmospheric moisture content was during the event. The frequency 455	

distribution of PW for September of 2013 was bimodal, which was much different than 456	

the typical normal distribution observed in September of other years. Upon further 457	

analysis, it was noted that the highly saturated portion of the bimodal distribution was 458	

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-414, 2017
Manuscript under review for journal Atmos. Meas. Tech.
Discussion started: 14 February 2017
c© Author(s) 2017. CC-BY 3.0 License.



	 21	

solely the result of the September 2013 event, which had a nearly saturated atmosphere. 459	

The second half of September had a lognormal distribution, representing a much drier 460	

atmosphere for the rest of the month. The moisture for the event originated from the 461	

eastern tropical Pacific at the beginning of the event 9th September, came from this source 462	

and the Gulf of Mexico during the heaviest precipitation (10th – 12th September), and then 463	

from only the Gulf of Mexico towards the end (12th-14th September).  464	
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Date	 Location	
Most	Affected	

Total	Rainfall	
(inches)	 Deaths	 Cost	

September	1-
12,	1938	 Fort	Collins	 8-10	 N/A	 N/A	

May	4-9,	1969	 West	of	
Denver	 6-9	 0	 $136.5	million	

July	31-August	
1,	1976	 Estes	Park	 12-14	 144	 $348.5	million	

July	27-August	
4,	1997	 Fort	Collins	 14.5	 5	 $290	million	

April	29-30,	
1999	

Northern	
Colorado	 8-10	 0	 $140	million	

September	9-
16,	2013	 Boulder	 16	 8	 $2	billion	

	550	

Table	1.	A	comparison	of	the	September	2013	Event	to	previous	flood	inducing,	551	

heavy	precipitation	events	in	Northern	Colorado	history.	All	monetary	values	were	552	

calibrated	to	2013	values.		553	
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	554	

	555	
Figure	1.	(a)	Map	of	accumulated	precipitation	over	Colorado	from	8-15	September	556	

2013	(image	courtesy	of	the	Colorado	Climate	Center)	with	the	area	depicted	in	(b)	557	

outlined	in	the	black	box;	and	(b)	the	locations	of	the	primary	GPS	(blue	circles),	558	

rain	gauge	(green	circle),	and	radiosonde	(red	circle)	observations	used	in	this	559	

study.	NISU	and	NIST	are	the	only	IGS	GPS	stations	plotted	on	this	map.	All	of	the	560	

other	GPS	stations	are	from	the	SuomiNet	network.	561	

6	miles 

(a)	

(b)	
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 562	

	563	
Figure	2.	A	time	series	of	the	GPS	PW	data	for	Boulder,	Colorado	from	2004-2013	564	

with	each	station	denoted	by	a	different	color,	the	monthly	means	denoted	by	the	565	

solid,	black	line,	and	+/-	1	standard	deviation	denoted	by	the	horizontal,	black,	566	

dashed	lines.	September	of	each	year	is	represented	by	the	vertical	black,	dashed	567	

lines.		568	

	569	
 570	

 571	
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 572	

Figure 3. A time series of 30-minute GPS PW (station P041) from 1 – 28 September 573	

2013. All times are in UTC. 574	
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 575	

Figure 4. A time series comparison of observed radiosonde PW (black line) and saturated 576	

PW (green line) for 1-28 September 2013 over Denver, Colorado. All 577	

times are in UTC. 578	

 579	

 580	

 581	
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 582	

Figure 5. Monthly-averaged GPS PW (solid black line) and Radiosonde data (dashed 583	

black line) for 2013 with the 10-year merged GPS PW dataset (solid red line) and the 40-584	

year averaged Radiosonde PW dataset (solid blue line). Additionally, there are the 95th 585	

(dashed red line) and 99th (dotted red line) percentiles for 10 years of GPS data and the 586	

95th (dashed blue line) and 99th (dotted blue line) percentiles for 40 years of Radiosonde 587	

data. 588	
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 589	

Figure 6. Statistical frequency distributions of GPS PW for June- September of 2004-590	

2013 with the 95th percentile for 10 years of each month of data denoted by the left-most 591	

dashed line and the 99th percentile for 10 years of each month of data denoted by the 592	

right-most dashed line. 593	

(a)	 (b)	

(d)	(c)	
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 594	

Figure 7. Statistical frequency distributions for the month of September with 2013 GPS 595	

PW data over Boulder (black line), 40 years of climatologically-averaged radiosonde PW 596	

data over Denver (dark grey line), and 10 years of climatologically-averaged GPS PW 597	

data over Boulder (light grey line). September of 2013 GPS PW data was split into two 598	

halves: 1-15 September 2013 (Flood; green line), and 16-30 September 2013 (Post-Flood; 599	

blue line). 600	

	601	
	602	
	603	
	604	
	605	
	606	
	607	
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	608	
Figure 8. A comparison of NARR 3-hourly averaged 500 hPa geopotential height 609	

(left column), NARR 3-hourly averaged integrated water vapor flux (center 610	

column), and SuomiNet gridded standardized PW anomalies. Each row represents 611	

a different time surrounding the 2013 Event. 612	
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	613	
Figure	9.	A	time	series	of	observed	precipitation	data	from	the	rain	gauge	614	

UDFCD_4840	for	9-17	September	2013.	All	times	are	in	UTC.	615	

	616	

	617	
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