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ABSTRACT

Mean daily to monthly precipitation averages peak in late July over eastern Colorado and some of the most

damaging Front Range flash floods have occurred because of extreme 1-day rainfall events during this period.

Tree-ring chronologies of adjusted latewood width in ponderosa pine from eastern Colorado are highly

correlated with the highest 1-day rainfall totals occurring during this 2-week precipitation maximum in late

July. A regional average of four adjusted latewood chronologies from eastern Colorado was used to re-

construct the single wettest day observed during the last two weeks of July. The regional chronology was

calibrated with the CPC 0.258 3 0.258Daily U.S. Unified Gauge-Based Analysis of Precipitation dataset and

explains 65% of the variance in the highest 1-day late July precipitation totals in the instrumental data from

1948 to 1997. The reconstruction and instrumental data extend fully from 1779 to 2019 and indicate that the

frequency of 1-day rainfall extremes in late July has increased since the late eighteenth century. The largest

instrumental and reconstructed 1-day precipitation extremes are most commonly associated with the in-

trusion of a major frontal system into a deep layer of atmospheric moisture across eastern Colorado. These

general synoptic conditions have been previously linked to extreme localized rainfall totals and widespread

thunderstorm activity over Colorado during the summer season. Chronologies of adjusted latewood width in

semiarid eastern Colorado constitute a proxy of weather time-scale rainfall events useful for investigations of

long-term variability and for framing natural and potential anthropogenic forcing of precipitation extremes

during this 2-week precipitation maximum in a long historical perspective.

1. Introduction

Extreme rainstorms during the summer period of late

July and early August have caused some of the most

damaging flash floods to impact the Colorado Front

Range, including the catastrophic floods at Big Thompson

Canyon on 31 July 1976 (Maddox et al. 1978), and at

Spring Creek near Fort Collins, Colorado, on 27–28 July

1997 (Doesken andMcKee 1998).Heavy precipitation and

major flash flooding in Colorado can occur throughout the

year (McKee and Doesken 1997), famously including

Denver’s ‘‘flood of record’’ in June 1965 (Matthai 1969) and

the flooding of September 2013 over northern Colorado

(Gochis et al. 2015). But the Front Range and High

Plains of Colorado are especially vulnerable to extreme

precipitation and flash flooding in summer when the

advection of subtropical moisture and relatively weak

upper-level steering winds can result in slow-moving

thunderstorms capable of producing significant hourly

and daily rainfall totals (Maddox et al. 1978; McKee and

Doesken 1997; Cotton et al. 2003). The frequency and

intensity of extreme rainfall events appear to have in-

creased over the United States since 1901 (Kunkel et al.

2013; Wuebbles et al. 2017) and the positive trend has

been most pronounced in summer (Karl and Knight

1998). However, there is less evidence for changes to

extreme precipitation over Colorado (Hoerling et al.

2013; Lukas et al. 2014; Mahoney et al. 2018), due in

part to the greater natural variability of climate in the

Southwest (Lukas et al. 2014; Mahoney et al. 2018).

While global climate model simulations suggest that the

frequency and magnitude of daily rainfall extremes may

increase with unabated anthropogenic global warming

(Kunkel et al. 2013;Wuebbles et al. 2017;Mahoney et al.

2018), there is large uncertainty associated with changes

in extreme summer rainfall events inColorado (Alexander

et al. 2013). Historical documentary evidence, early in-

strumental observations, and potentially exactly dated

wood anatomical or subannual tree-ring width data might

provide a longer historical perspective on midsummer

rainfall extremes prior to the onset of heavy anthropogenic

weather and climate forcing.

Climate sensitive tree-ring chronologies have been

widely used to reconstruct growing season precipitationCorresponding author: Ian M. Howard, ihowardksu@gmail.com
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and the Palmer drought severity index (PDSI; Palmer

1965; Stahle and Cleaveland 1992; Fritts 2001; Cook

et al. 2007). Douglass (1920) described tree growth as a

response to integrated climate conditions ‘‘distributed

throughout the year.’’ The correlation between annual

precipitation totals and tree-ring chronologies can in

fact be so high that they have been referred to as ‘‘in-

tegrating pluviometers’’ (Blasing and Fritts 1976).

Because tree growth tends to use soil moisture accu-

mulated during or even preceding the growing season,

it has not been possible to develop estimates of daily

time-scale weather phenomena on a continuous year-

by-year basis extending back into prehistory using total

ring-width chronologies. Weather extremes associated

with severe growing season freeze events (LaMarche

and Hirschboeck 1984; Stahle 1990; Bräuning et al. 2016;
Barbosa et al. 2019) and midgrowing season weather

reversals (Villalba and Veblen 1996; Fritts 2001;

Edmondson 2010) may induce distinctive anatomical

evidence in the xylem cells of living trees. The meteo-

rological significance of these so-called frost and false

ring chronologies can be demonstrated during the in-

strumental period and then used to infer the history of

these episodic events during the preinstrumental era.

But weather sufficiently extreme to cause anatomical

damage to tree rings is infrequent, so the derived event

chronologies tend to be highly discontinuous in time.

In this article we describe the strong correlation be-

tween the single wettest 24-h period during late July

(19 July–1 August) and a regional tree-ring chronology

based on the last-formed latewood cells of ponderosa

pine (Pinus ponderosa), the so-called ‘‘adjusted late-

wood width’’ chronology (hereafter referred to as sim-

ply ‘‘latewood,’’ ‘‘adjusted latewood,’’ or ‘‘LWa’’). This

peak 2-week period in midsummer is climatologically

the wettest time of the year over eastern Colorado based

on average 2-week precipitation totals. The regional

adjusted latewood chronology is also highly correlated

with total monthly precipitation in July over an area of

eastern Colorado (37.758–39.758N, 1058–1038W), but

higher correlations are computed when the latewood

data are compared only with the wettest 24-h rainfall

interval during late July. The exact Julian date of these

24-h rainfall extremes vary from year to year, but for the

available ponderosa pine chronologies they appear to be

largely confined to the period from 19 July to 1 August.

These largest rainfall days also constitute themajority of

the full 2-week total precipitation for midsummer in

eastern Colorado, and we use the strong single-day sig-

nal in adjusted latewood width data to reconstruct the

wettest 24-h totals each year from 1779 to 1997. These

‘‘dendrometeorological’’ rainfall proxies are then used

along with instrumental observations to describe the

synoptic meteorology and long-term changes in mid-

summer rainfall extremes, placing them in the context of

natural weather and climate variability since the late

eighteenth century.

Warm season precipitation climatology in eastern
Colorado

Warm season (April–September) precipitation con-

tributes over 70%of the annual total in the semiarid Front

Range and adjacent High Plains of eastern Colorado

(Mahoney et al. 2015). However, a substantial fraction

of the April–September total tends to occur during two

periods when daily precipitation rates are highest

(Fig. 1). Averaged across the eastern Colorado study

region (black box on the map of the United States in

Fig. 1), these spring (May) and midsummer (late July)

rainfall maxima are separated by a drier early summer

period that reaches a minimum on Julian day 182

(1 July). For much of eastern Colorado the timing of

the annual precipitation maximum usually occurs in

late July and early August, but in the northern parts of

the study region the highest daily precipitation rates

tend to occur in late spring. The gridded daily data may

also underestimate the spring precipitation peak be-

cause the daily totals are calculated for the period

1200–1200 UTC (Chen et al. 2008) and maximum 24-h

precipitation during the spring season may extend

across over two days more often than in summer.

Higher daily precipitation rates in spring are generally

associated with the passage of synoptic-scale storm

systems that transport moisture from theGulf ofMexico

northwestward into eastern Colorado. The larger sec-

ondary peak in late July can partly be attributed to the

Great Plains low-level jet that advects Gulf moisture on

the western sector of a persistent ridge that commonly

develops in summer over the central United States

(Tang and Reiter 1984). The low pressure system related

to the North American monsoon system can also funnel

moist mid- to upper-level air as far northward as Colorado

and southern Wyoming, particularly during late

July and early August (Hales 1974; Tang and Reiter

1984). Pulses of subtropical moisture from these two

sources, combined with factors such as the topog-

raphy of the Rocky Mountains, daytime heating of

the land surface, and the passage of weak synoptic dis-

turbances embedded in the upper-level flow, result in

localized convective thunderstorms that can be a near

daily occurrence from early summer through as late as

September (McKee and Doesken 1997). Certain con-

figurations of atmospheric circulation over the United

States, combined with additional forcing from strong

frontal systems and upper-level synoptic shortwaves,

can enhance the advection of subtropical moisture and
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create thermodynamic conditions that have been re-

sponsible for some of the largest hourly and daily

rainfall totals recorded in Colorado during this 2-week

peak in precipitation during the summer months.

2. Data and methods

a. Daily rainfall data

The gridded daily precipitation data used in this study

were acquired from the National Oceanic and Atmo-

spheric Administration (NOAA) Climate Prediction

Center (CPC) 0.258 3 0.258 Daily U.S. Unified Gauge-

Based Analysis of Precipitation dataset (Chen et al.

2008). The gridded daily data were calculated using the

optimal interpolation algorithm described by Xie et al.

(2007), which utilizes a dense network of observing sites

to calculate daily precipitation values on a 0.258 latitude
by 0.258 longitude grid extending from 1948 to 2005, with

real-time observations provided from 2006 to the present.

The daily totals at each grid point are based on the

24 h accumulation of precipitation ending at 1200 UTC

of the current day. The daily precipitation data were

extracted for an area of eastern Colorado (black box

in Fig. 2). This 2.08 3 2.08 region was selected because

the daily, biweekly, and monthly precipitation totals

calculated for this study area tended to have the highest

correlation with the tree-ring data compared to other

domains. Rarely do the individual grids points in the

eastern Colorado study region contain zero values

due to the nature of the interpolated data. For the

purposes of this study, we treated daily precipitation

values of less than 1mm as zero at each grid point.

Daily precipitation totals from 40 selected obser-

vation stations in eastern Colorado in the Global

Historical Climatology Network (GHCN) from the

National Climatic Data Center (NCDC) were also used

for analyses with the gridded daily data and tree-ring

chronologies (Fig. 2). These 40 stations were selected

based on their location within or near the eastern

Colorado study region (Fig. 2), and the availability of

at least 25 years of continuous observations of late July

FIG. 2. This map locates the ponderosa pine stands used to de-

velop the adjusted latewood width chronologies (open circles la-

beled BFE, JFU, RIR, TCU and defined in text). The black dots

are the locations of the 40 instrumental precipitation stations. The

box outlines the study area where the 72 grid points were used to

compute the regional average daily precipitation totals for eastern

Colorado (37.758–39.758N, 1058–1038W).

FIG. 1. The daily mean precipitation totals for 1948–2019 are plotted for a regional average

of eastern Colorado from the CPC 0.258 3 0.258Daily U.S. Unified Gauge-Based Analysis of

Precipitation dataset (37.758–39.758N, 1058–1038W; black box on the map inset). The red line

is a 10-day moving average of the daily means. Note the two peaks in the climatology of daily

rainfall during late spring and late July.
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daily precipitation totals. Daily atmospheric data derived

from the NCEP–NCAR reanalysis project (Kalnay et al.

1996) were used to identify synoptic-scale circulation

features associated with the largest reconstructed 1-day

rainfall totals over eastern Colorado. Because many of

the station records begin after 1940, we restrict our ana-

lyses of the individual station observations to the period

1940–2019. Anomalies in the reanalysis data were calcu-

lated relative to the 1981–2010 climatology.

b. Eastern Colorado study region and adjusted
latewood chronology development

The range of ponderosa pine extends sparsely east-

ward from the Rocky Mountain Front Range into

the Black Forest region of eastern Colorado. Native

stands with old trees can occasionally be found on fire-

protected escarpments and on certain higher eleva-

tion microenvironments (Wells 1965). Several annual

ring-width chronologies of ponderosa pine have been

previously developed in the study region and used to

reconstruct spring PDSI and streamflow (Woodhouse and

Brown 2001; Woodhouse and Lukas 2006). The annual

growth ring for many temperature North American

tree species is made up of several earlywood (EW) and

latewood (LW) xylem cells that can be separately

identified and measured each year. We remeasured four

of these tree-ring collections for EW, LW, and total ring

width (RW), and then computed the adjusted latewood

width (LWa) chronologies for Black Forest East (BFE),

Jefferson County (JFU), Ridge Road (RIR), and Turkey

Creek (TCU; open circles in Fig. 2). These four sites are

all located east of the continental divide, and range in

elevation from 1800 (BFE) to 1965m (JFU).

The following steps were used to compute the regional

adjusted latewood width chronology for the eastern

Colorado study region:

1) The previously collected and dendrochronologically

dated core samples from four sites in Colorado

(approximately 150 individual core specimens) were

remeasured for EW, LW, and RW with a stage mi-

crometer to 0.001mm precision using the protocols

outlined by Stahle et al. (2009).

2) Tree-ring chronologies of EW, LW, and RW width

were computed for each site using the signal free

method of standardization (Melvin and Briffa 2008;

Cook et al. 2014). Power transformed ring-width

indices were calculated as residuals from the fitted

growth curve, and then averaged into themean index

chronology using the biweight robust mean (Cook

1985; Hoaglin et al. 2000).

3) Because the correlation between the EW and LW

chronologies from a given site can be quite high

(Torbenson et al. 2016), it is necessary to remove the

dependency of LW on EW growth in order to derive

separate estimates of summer precipitation fromLW

not dominated by spring climate and tree growth

(Meko and Baisan 2001). These so-called adjusted

latewood width chronologies are calculated via re-

gression techniques (Meko and Baisan 2001) and

represent the latewood growth variability that is

independent of the EW. Therefore, these chronolo-

gies most likely represent the final latewood xylem

cells of the annual ring formed at the end of the

growing season. Adjusted latewood width chronol-

ogies for eastern Colorado were calculated using the

Kalman filter (Welch and Bishop 2006) to allow for

potential time-dependent variations in the relation-

ship between EW and LW. In the case of North

American conifers, LWa chronologies tend to be

correlated only with summer precipitation totals

(Meko and Baisan 2001; Stahle et al. 2009; Griffin

et al. 2011, 2013; Crawford et al. 2015; Dannenberg

and Wise 2016; Howard et al. 2019). However, this

research in semiarid eastern Colorado indicates that

LWa chronologies of ponderosa pine may be domi-

nated by rainfall variability considerably shorter than

the full summer season, in this case even at the daily

time scale.

4) The variance for the four LWa chronologies had to

be stabilized (Meko 1981) to account for changes in

tree vigor with age and the declining sample size of

dated ring width series in the beginning years of each

chronology. A smoothing spline with a 50% fre-

quency response equal to 100 years (Cook and Peters

1981) was fit to the absolute values of the annual

LWa indices, and the ratios of the fitted spline to the

absolute values were computed. The sign was then

restored, and the mean added back to each annual

value to produce the variance-stabilized LWa chro-

nologies (Meko 1981; Cook and Krusic 2005).

5) The annual values for all four LWa chronologies

were squared to increase skewness and better repre-

sent the distribution of the daily precipitation data

for eastern Colorado.

6) The four adjusted latewood chronologies were then

averaged for each year in common from 1779 to 1997

to produce the regional chronology used for the

reconstruction of daily rainfall extremes in during

this peak 2-week period in late July.

c. Daily precipitation response of the regional
adjusted latewood chronology

The gridded daily precipitation data were used to

identify the highest correlation between the adjusted
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latewoodwidth chronology and various daily to seasonal

precipitation totals in eastern Colorado. The calculation

of these daily to near-annual response profiles is sum-

marized as follows:

1) The daily precipitation data were regionally aver-

aged for the 72 grid points in eastern Colorado. The

regional average daily data were then totaled for

all possible intervals from 2 to 365days (n 5 364)

throughout the year (e.g., the 2-day total for 1 January

represents precipitation summed from 31 December

to 1 January; 31 December is equal to the 2-day total

for 30–31 December). This produces a total of 132860

annual time series (364 possible intervals multiplied

by 365days).

2) The accumulated precipitation totals for all intervals

from 2 to 365 days were correlated with the adjusted

latewood chronology for every day of the year, and

the correlation coefficients were calculated for all

365 Julian days.

3) All possible 1- to 31-day intervals during the year

were used to identify the wettest single day in the

given interval, producing a total of 11 315 annual

time series (31 intervals multiplied by 365 days).

Using the 14-day interval in late July as an example

(i.e., 19 July to 1 August), the largest single-day total

in 1959 for this interval occurred on 26 July (Fig. 3a).

The value of 1.35mm represents the regional aver-

aged value and the wettest 24-h total for the 14-day

period from 19 July to 1 August 1959. For the year

1985, the highest 24-h rainfall total in late July was

25.67mmand occurred on 19 July (Fig. 3b). Note that

for correlation with the tree-ring data, the optimal

period for the wettest single day in all possible

intervals turned out to be only 14-days long in

midsummer (Fig. 4a).

4) The wettest single day in every possible 14-day

interval during the year was correlated with the

regional LWa chronology, and the correlation co-

efficients were plotted by Julian day (red line in

Fig. 4a). For all possible 365 Julian days, the wettest

day could be the same day for overlapping 14-day

intervals. But for any given 2-week interval there

was just 1 wettest day in that 14-day period.

5) The regional LWa correlation with regionally aver-

aged precipitation totals accumulated for 7, 14, 21, 28,

35, 42, 49, and 56days was also plotted by Julian day

to compare with the correlations with the wettest

single-day totals (gray lines in Fig. 4a)

6) The various 2- to 365-day accumulated precipitation

totals were also correlated with the regional EW, LW,

and RW chronologies to compare their seasonal re-

sponsewith the adjusted latewood chronology (Fig. 5).

d. Tree-ring reconstruction of 1-day precipitation
extremes in midsummer

Because the regional LWa chronology was best cor-

related with the wettest single day in the last two weeks

of July (19 July–1 August), it was calibrated with a time

series based on the wettest 24-h period from 19 July to

1 August for the common interval 1948–97. A secondary

FIG. 3. These maps illustrate two different examples of the wettest single-day precipitation total during the 14-day

interval from 19 Jul to 1 Aug for (a) 1959 and (b) 1985. The precipitation totals calculated from the 72 gridpoint

regional average of the daily data were 1.35 and 25.67mm for 26 Jul 1959 and 19 Jul 1985, respectively. These

wettest days were identified each year to derive the annual time series of the single wettest day occurring in late July

for eastern Colorado.
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instrumental time series of the wettest single day in late

July was also extracted for eastern Colorado based on

the grid point that contained the largest precipitation

value each year from 19 July to 1 August. The regionally

averaged time series was rescaled to this secondary se-

ries using simple linear regression, and the fitted values

represent 24 h precipitation totals similar to the mean

and magnitude of extreme rains that occur at localized

scales over eastern Colorado. Rescaling the time series

in this manner also prevented negative values from be-

ing estimated in the tree-ring reconstruction.

Since the tree-ring data end in 1997, the reconstruction

was calibrated on the 50-yr period from 1948 to 1997.

Separate calibration and validation experiments were

performed for two subperiods during 1948–72 and

1973–97. The regional latewood chronology was first

calibrated with the instrumental series using regression

from 1973 to 1997, and the instrumental data from 1948

to 1972 were withheld for independent validation of the

reconstruction. The regional LWa chronology was also

calibrated on the earlier period, and the estimates were

then independently validated on the later period. Be-

cause the coefficients of these two regression-based

calibration models are similar, the final reconstruction

was based on the full time period in common to the in-

strumental rainfall and adjusted latewood width data,

FIG. 4. (a) The correlations between the regional LWa chronology and the wettest single-

day precipitation total over the eastern Colorado study area during overlapping 14-day

intervals (i.e., each period overlaps the previous by 13 days) from 1948 to 1997 are plotted

by Julian date of the year (red line). The p , 0.05 significant thresholds are noted (hori-

zontal black lines). The correlations computed are for 50 years of data (1948–97) and

correlation values above 0.273 and below 20.273 are considered significant at the p , 0.05

level. The highest correlation was computed for the wettest daily total during the 14-day

interval extending from Julian day 200 to 213 (19 Jul to 1 Aug; r5 0.81). The vertical dashed

lines denote this best 14-day interval (correlations are plotted at the end date of each 14-day

interval). The correlation between the regional LWa chronology and precipitation totals

accumulated for all possible 7 to 56 day periods during the year are also plotted (grayscale).

The highest LWa correlationwith 14-day total rainfall is also from Julian day 200 to 213 (r5 0.78),

but is still below the correlation with the single wettest day during this interval (r5 0.81). (b) Box

and whisker plots of the nonoverlapping biweekly precipitation climatology for the study

area. The mean, upper, and lower quartiles are plotted in each box, along with the highest

extreme values (dots; 1948–2019). Note that the highest 2-week mean precipitation also

corresponds with the 2-week interval in (a) when the regional LWa chronology is most highly

correlated with daily precipitation (i.e., late July).
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1948–97. The variance lost in the regressionwas restored

to the reconstructions from 1779 to 1997 and the in-

strumental values were then appended to the estimates

to complete the full reconstructed and instrumental time

series from 1779 to 2019.

3. Results

The regional adjusted latewood chronology is signifi-

cantly correlated with July precipitation totals for eastern

Colorado (r 5 0.68, p , 0.0001), but the correlation

with the time series of the highest 1-day rainfall amount

during the last two weeks of July is actually much

stronger (r 5 0.81, p , 0.0001; Fig. 4a). The correla-

tion coefficients computed between the regional LWa

chronology and the single highest daily precipitation

total for all possible 14-day intervals during the year

are plotted in Fig. 4a (the correlation for Julian day 1 is

with the highest daily total between 19 December and

1 January). These correlations peak on Julian day 213

when the Pearson correlation with the wettest day in the

2-week interval reaches r 5 0.81 (Spearman correlation

is r 5 0.73; not shown). Note the sharp increase in cor-

relations at Julian day 200, indicating that this regional

LWa chronology begins to be significantly correlated

with the heaviest 1-day rainfall totals in the second week

of July, even though the peak response is during the

interval from Julian day 200–213, or 19 July–1 August

(Fig. 4a). When the same method is applied using the 40

individual weather stations (black dots in Fig. 2), the

highest correlation is also with the wettest daily total

identified from 19 July to 1 August each year (r 5 0.77;

not shown). The overall highest correlation is in fact

with the single wettest day identified at an individual

grid cell each year (r 5 0.83; not shown) instead of a

regional average. However, the regionally averaged

precipitation time series was used in calibration with the

tree-ring data because the regional average more likely

captures precipitation that impacted at least one tree-

ring sample site and one or more instrumental rainfall

recording stations in eastern Colorado.

For comparison with the response to 1-day pre-

cipitation during the last 2 weeks of July, the LWa

chronology was also correlated with 1- to 8-week pre-

cipitation totals during the year (i.e., 7- to 56-day total

precipitation; Fig. 4a). The highest correlation was

computed for 14-day total precipitation during the same

interval from 19 July to 1 August (r5 0.78; Fig. 4a). The

correlations with 3- to 8-week totals then decline with

increasing duration, but they all exhibit a July–August

peak. The shortest 1-week total is only correlated at r5
0.70 in late July, which may indicate that 7 days is not a

long enough window to capture the most intense storms

of midsummer that influence tree growth. Note also

that a modest secondary peak in correlation is present in

September for all averaging intervals (Fig. 4a), and if

real might represent a response to intense rain from

upslope flow very late in warm season.

FIG. 5. The correlation of the regional LWa chronology with the wettest single day in all

possible overlapping 14-day intervals from 1948 to 1997 peaks in late July (red line; from

Fig. 4a) and is compared with the correlations between the regional chronologies of EW,

LW, and RW for eastern Colorado for all possible continuous 300-day precipitation totals

throughout the year (grayscale lines). The gridded daily precipitation data were totaled for all

300-day intervals beginning in the previous year and ending on the Julian date noted on the x

axis during the current year for 1948–97 (1 Jan 5 previous Julian day 66 to current day 1).

Note the strong near-annual precipitation signals integrated in the EW, LW, and RW chro-

nologies, all of which include significant correlations during winter, spring, and summer.

However, the LWa chronology is strongly correlated with single-day precipitation totals only

in late July.
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The high correlation with the single-day rainfall totals

in late July coincides with the annual 2-week pre-

cipitation maximum over eastern Colorado (Fig. 4b).

The average 2-week precipitation total from 19 July to

1 August is higher than every other possible 2-week

period during the year (e.g., Fig. 4b). On average, nearly

70% of the total precipitation recorded in late July is

contributed by the heaviest single rainfall day in this

area (i.e., 68.25%). In fact, when analyzed at the grid

point level for eastern Colorado, all of the 14-day total

can be attributed to a single rain event during some

years. The wettest 24 h period in a given year can occur

outside the 19 July to 1August period, of course, but it is

within this 2-week period in late July when single-day

precipitation totals tend to be heaviest (Fig. 1) and

have the highest correlation with the regional LWa

chronology.

The precipitation response of EW, LW, and RW is

strikingly different than LWa in eastern Colorado

(Fig. 5). The EW, LW, and RW chronologies have an

integrated, nearly annual moisture signal and are most

highly correlated with precipitation accumulated over

several months prior to and during the growing season.

These highest correlations with precipitation for all

possible continuous intervals are accumulated over 305,

292, and 308 days during and preceding the growing

season for the regional EW, LW, and RW regional

chronologies. Using the precipitation response profile

for 300-day total precipitation as an example, the

highest correlation with both EW and RW is with

precipitation totaled from the previous mid-September

to current mid-July (22 September to 20 July, or

Julian day 266 of the prior year to day 201 of the

current year). The highest 300-day moisture signal

for unadjusted LW is only slightly later (i.e., 2 October

to 31 July).

The strong relationship between the 1-day rainfall

totals during the 2-week precipitation peak in late

July and the regional LWa chronology is present de-

spite the low correlations among the four LWa

chronologies. The average correlation among these

four chronologies is only r 5 0.34 during the cali-

bration period (1947–97) and r 5 0.28 for the full

common interval (1779–1997). However, the indi-

vidual LWa chronologies are more highly correlated

with the average gridded time series of the wettest

FIG. 6. (a) This scatterplot between instrumental single-day precipitation totals and the normalized LWa

chronology for eastern Colorado illustrates the importance of rainfall extremes in the upper and lower quartiles

[upper quartile (green), interquartile (black), and the lower quartile (red)]. (b) As in (a), but using the wettest day

identified in the instrumental four-station average of daily precipitation totals as the dependent variable. The

instrumental precipitation totals are averaged for (c) the upper (n5 13) and (d) the lower quartile events (n5 12)

for late July from 1948 to 1997.
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single day during the last two weeks of July (range of

r 5 0.44 to 0.60 for the four chronologies). When

these four LWa chronologies are averaged the cor-

relation with the wettest single-day time series for

eastern Colorado is r 5 0.81.

The wettest single day in midsummer also tends to be

rather weakly correlated among the instrumental rain-

fall stations [e.g., the four stations closest to the four

tree-ring sites and with continuous daily precipitation

daily (Denver, Byers, Limon, and Pueblo) are corre-

lated on average at only r 5 0.25 for the wettest day at

each location from 19 July to 1 August, 1948–97, ranging

from r5 0.07 to 0.65]. However, each of these four time

series is positively correlated with the wettest single-

day time series derived from the gridded data (range of

r 5 0.54 to 0.68 for the four stations). When the daily

data are averaged among the four instrumental stations,

and the wettest day is identified from this regional av-

erage (similar to what presumably happens at the four

tree-ring collection sites), the correlation with the wet-

test single-day series based on the gridded data for

eastern Colorado improves to r 5 0.84. The regional

LWa chronology is also highly correlated with the wet-

test day identified from a regional average of the four

stations (r 5 0.70).

These comparisons reflect the spatially discontinuous

nature of summer precipitation events over eastern

Colorado, but the common signal between the gridded

data (or the weather stations) and the regional LWa

chronology can be greatly enhanced with regional av-

eraging. This strong relationship with single-day totals

appears to be driven by the extreme years with the

highest and lowest single-day totals. This is illustrated

with a scatterplot between instrumental single-day pre-

cipitation totals and the normalized regional LWa

chronology, highlighting the upper, inter, and lower

quartiles from 1948 to 1997 (Fig. 6a). The correlation

between the regional LWa chronology and just the

FIG. 7. (a) The instrumental and reconstructed highest single-day precipitation totals in midsummer are plotted

from 1948 to 1997 (1998–2019 is instrumental data only for the 72-gridpoint regional average; instrumental mean

also plotted). The reconstructed series are estimates after the variance lost in the regression has been restored. The

frequency distributions of the (b) instrumental and (c) reconstructed highest single-day totals in late July are also

illustrated, based on the periods 1948–2019 and 1779–1997, respectively.
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upper and lower quartiles of single-day precipitation is

strong (r 5 0.88; Fig. 6a), but the relationship with

precipitation in the interquartile range is much weaker

(r5 0.38; black circles in Fig. 6a). A similar relationship

is found when comparing the gridded data and the

wettest day based on a four station average of daily

precipitation values (Fig. 6b). The correlation with the

upper and lower quartiles (r 5 0.90) is substantially

higher compared to values closer to the mean (r5 0.31).

The notion that the extreme wet or dry midsummer

conditions strongly influence the correlation with the

regional LWa chronology is further supported by com-

posites of the 24-h instrumental totals in the upper and

lower quartiles from 1948 to 1997. The upper quartile

composite corresponds with widespread precipitation

over most of eastern Colorado and the central Great

Plains, resembling frontally organized precipitation

(Fig. 6c). This spatial pattern represents thunderstorm

activity that might have impacted most if not all of the

tree-ring sites used in calculation of the regional LWa

chronology. The composite for the lower quartile events

indicates that thunderstorm activity in late July was

much less intense across eastern Colorado during these

years and late season tree growth would likely have been

limited by the lack of precipitation and soil moisture

during this two week interval (Fig. 6d).

The reconstruction of midsummer 1-day rainfall ex-

tremes was developed using regression between the

LWa chronology (predictor) and the single wettest day

from 19 July–1 August for the eastern Colorado, using

the 72-gridpoint regional average daily data (pre-

dictand). The instrumental and the reconstructed values

are plotted in Fig. 7a. The reconstructed series explains

65% of the interannual variance in 1-day rainfall totals

during the full 1948–97 calibration period (Fig. 7a). Split

calibration and validation experiments on two 25-yr

subperiods indicate the relationship between the two se-

ries is reasonably stable (Table 1, top). The instrumental

and reconstructed rainfall distributions are positively

skewed by the most extreme wet years (Figs. 7b,c).

For comparison with the tree-ring reconstruction, a

wettest single-day time series computed for the peak 2-

week period in late July from an average of the four

closest rainfall stations was used to develop an alterna-

tive ‘‘instrumental-only’’ regression model. This four-

station average of the wettest late July day was regressed

with the 72-gridpoint regional average. The calibration

and validation statistics calculated for this experimental

instrument-only reconstruction are remarkably similar

to the statistics based on the regional tree-ring data

(Table 1, bottom), highlighting the fidelity of the tree-

ring estimates.

The full 241-yr time series of reconstructed and in-

strumental data extends from 1779 to 2019 (instrumental

data only from 1998 to 2019) and indicates interesting

interannual to decadal variability of midsummer single-

day rainfall extremes over eastern Colorado (Fig. 8).

The frequency of the wettest .90th percentile events

are estimated to have more than doubled from the

nineteenth–twentieth centuries, while the driest ,10th

percentile events appear to have decreased since the

late eighteenth century (Fig. 8). But in spite of the in-

crease in wet extremes, stochastic volatility analysis

(Kastner 2016) does not indicate a significant increase in

the overall variance of the reconstructed or observed

wettest 1-day totals (not shown).

The late twentieth century (1960–97) is estimated to

have experienced a high frequency of 1-day rainfall ex-

tremes during in late July (Fig. 8). But there have been

only two 90th percentile events since 1998 based on the

TABLE 1. (top) The calibration and validation statistics computed for the tree-ring reconstruction of 1-day precipitation totals in late

July over easternColorado are listed. (bottom)The same statistics for an experimental reconstruction using an average of the largest 1-day

rainfall totals among the four weather stations closest to the tree-ring collection sites are also listed (Byers, Denver, Limon, Pueblo; 19 Jul

to 1 Aug). The statistics include the coefficient of determination,R2, adjusted downward for loss of degrees of freedom (Draper and Smith

1981); the Pearson product moment correlation coefficient, r (Draper and Smith 1981); reduction of error, RE (Fritts 2001); coefficient of

efficiency, CE; and the root-mean-square error (RMSE; Cook and Kairiukstis 1990).

Regional LWa chronology

Calibration period Adjusted R2 Validation period r RE CE RMSE

1973–97 0.75 1948–72 0.75 0.51 0.49 11.00

1948–72 0.55 1973–97 0.87 0.71 0.70 11.28

1948–97 0.65 — — — — 11.25

Four station single-day precipitation totals in late July

Calibration period Adjusted R2 Validation period r RE CE

1973–97 0.73 1948–72 0.78 0.66 0.59

1948–72 0.59 1973–97 0.86 0.74 0.72

1948–97 0.70 — — — —
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gridded instrumental data from 1998 to 2019 (1998 and

2010), and there have been no 10th percentile single-day

totals over the same period. These changes are also ev-

ident in the daily precipitation data recorded at the 40

individual weather stations in eastern Colorado (Fig. 9).

Many of the largest events identified in the instrumental

data occur between the 1960s and 1990s, and there has

been a noticeable decline in the heaviest midsummer

precipitation days after 1999.

Major subdecadal to decadal periods of drought

identified using instrumental and tree-ring recon-

structed PDSI are also apparent in the 1-day late

July rainfall totals [e.g., early twenty-first century,

Seager (2007); 1930s Dust Bowl, Worster (1979); mid-

nineteenth-century drought; Woodhouse et al. (2002);

Herweijer et al. (2006); Cook et al. (2007); Fig. 8]. The

Dust Bowl drought in particular had a negative impact

on the highest rainfall totals during the 2-week precip-

itation maximum in late July over eastern Colorado.

A total of 8 out of the 10 years from 1931 to 1940

are estimated to have been below average, and the

only comparable period of sustained deficits in these

single-day totals occurred during the 1840s and 1850s.

The reconstruction of midsummer 1-day rainfall is not

FIG. 8. The highest 1-day precipitation totals in late July were reconstructed from 1779 to

1997 (gray) and the instrumental data were appended from 1998 to 2019 (dashed). The full

1779–2019 time series is not a single homogeneous time series given the reconstruction

contains uncertainty. Uncertainty is estimated based on the 80% confidence interval of the

root-mean-square error (light gray lines; Table 1, top). A smoothed version of the re-

construction that highlights decadal variability is plotted in black from 1779 to 1997. The

mean, 90th, and 10th percentile thresholds for 1779–2019 are plotted (horizontal lines) and

extremes above or below these thresholds are noted (asterisks). Heavy precipitation days that

were associated with significant flash flooding and severe weather in Colorado on 24 Jul 1965

and 19 Jul 1985 are also indicated (squares).

FIG. 9. The highest single-day precipitation totals identified at the 40 instrumental weather

stations during late July are plotted individually from 1948 to 2019 (i.e., 19 Jul to 1 Aug;

grayscale). A time series of the wettest day based on an average of the daily data for the 40

stations is also plotted (thick blue line) after being rescaled to the time series of the highest

daily precipitation total identified from all 40 stations each year. Extremes above or below the

90th and 10th percentile thresholds are indicated for the regional average (asterisks).
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correlated with a collocated regional average of re-

constructed summer PDSI derived from the North

American Drought Atlas (Cook et al. 2007) at interan-

nual time scales (r5 0.07 from 1779 to 1997; not shown),

but as these major PDSI droughts suggest, prolonged

dryness appears to be associated with reduced daily

rainfall extremes in late July. The decadal estimates of the

wettest single-day time series is also not strongly corre-

lated with decadal estimates of reconstructed PDSI (r 5
0.37), but agreement among these smoothed time series is

highest during the most severe and sustained droughts in

the regional PDSI reconstructions.

The largest instrumental and reconstructed single-day

extremes during the 1948–97 calibration period repre-

sent widespread precipitation events that impact much

of eastern Colorado (Fig. 6c), and some of these events

were connected with intense flash flooding and severe

weather outbreaks. For example, the single-day total for

19 July 1985, is the largest estimated event since the late

eighteenth century and is considered one of the wettest

days in Colorado’s history (Doesken and McKee 1986).

Hourly rainfall rates recorded at many stations in

eastern Colorado were greater than 25.4mm on 19 July

1985, and widespread reports of flash flooding and other

severe weather hazards including hail, damaging wind,

and tornadoes are documented (Doesken and McKee

1986). The reconstructed heavy rainfall day for 24 July

1965, was part of a persistent pattern of widespread

precipitation from 20 to 25 July, including heavy rains on

23–24 July that led to significant flash flooding of Tucker

Gulch in Golden, Colorado. The 1976 Big Thompson

Canyon flood and the 1997 Fort Collins event were

not identified as extreme single-day events for eastern

Colorado in either the instrumental or reconstructed

data, but these storms and floods were located north of the

study region. It is possible that the heavy 1-day rainfall

events that led to the flash flooding of Big Thompson

and Spring Creek near Fort Collins were recorded in

adjusted latewood chronologies of ponderosa pine

trees located within or near the vicinity of these

drainage basins.

The synoptic meteorology of the five largest re-

constructed single-day rainfall extremes is illustrated

in Fig. 10. The most common synoptic pattern for

these extreme events includes a surface high north of

Colorado and a frontal boundary located over the central

United States (Figs. 10a,c,e,g,i). Previous flash floods in

eastern Colorado have been linked to strong frontal

systems that move south of the region and create post-

frontal easterly upslope flow behind the front (Petersen

et al. 1999). Precipitable water value anomalies from the

surface to 500mb also indicate a deep layer of atmo-

spheric moisture, which tends to increase the efficiency

of precipitation (Figs. 10b,d,f,h,j). The 500mb geopotential

height patterns vary, but these large precipitation

events are often associated with a moderate to strong

upper-level ridge over Colorado (Figs. 10b,d,h), or a

northwest-tilted ridge that extends from the Great

FIG. 10. The surface pressure anomaly (mb; shaded) and surface

wind speed and direction (m s21; wind vectors) for the five highest

reconstructed single-day precipitation totals in late July from 1948

to 1997 are shown for (a) 24 Jul 1965, (c) 22 Jul 1966, (e) 19 Jul 1973,

(g) 19 Jul 1985, and (i) 23 Jul 1991. Note the large region of

anomalous high pressure north of Colorado extending into Canada,

and the area of low level wind convergence over the central United

States for all events. (b),(d),(f),(h),(j) Mean 500mb geopotential

heights (contours) and the precipitable water value anomalies

(kgm22) calculated from the surface to 500mb are mapped for these

five most extreme wet days of late July.
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Plains to Pacific Northwest (Figs. 10f,j). The northwest

tilted ridge axis (i.e., the bent-back ridge described by

Maddox et al. 1978) has been previously identified as a

key upper-level feature for previous flash flooding

events in Colorado, including the 1976 Big Thompson

Canyon flood and the 1997 flooding of Fort Collins

(Maddox et al. 1978; Petersen et al. 1999; Cotton et al.

2003). The general synoptic meteorological features

shown in Fig. 10, have been linked to widespread and

extreme heavy rainfall over eastern Colorado during

late July and early August (Doswell 1980; Maddox

et al. 1980; Petersen et al. 1999; Cotton et al. 2003).

4. Discussion and conclusions

These results demonstrate that the precipitation re-

sponse of ponderosa pine tree-ring chronologies can

span a large range of time scales, from the annually in-

tegrated precipitation signal of total ring width to the

daily precipitation extremes recorded by some adjusted

latewood width chronologies. The seasonal to annual

precipitation signal recorded by total ring-width chro-

nologies has been widely applied, and this long-term

integration of climate signal in ring-width data has been

the ruling paradigm of dendroclimatology for 100 years

(Douglass 1920). However, adjusted latewood width

chronologies of ponderosa pine from eastern Colorado

are highly correlated with precipitation at the daily time

scale and demonstrate the feasibility for the tree-ring

reconstruction of weather time-scale precipitation to-

tals, or dendrometeorology.

The precipitation signals recorded by the last formed

latewood cells in ponderosa pine, or other tree species in

North America, have not been thoroughly explored.

The few studies that have used adjusted latewood

chronologies for moisture reconstruction have been

calibrated with monthly or seasonal moisture data (e.g.,

Stahle et al. 2009, 2015; Griffin et al. 2013). Adjusted

latewood chronologies also represent just one of several

types of tree-ring data that partition the annual growth

ring into subseasonal time scales. Subannual tree-ring

data derived with X-ray densitometry (Schweingruber

et al. 1978), blue-light intensity (Campbell et al. 2007),

or stable isotopes (McCarroll and Loader 2004) might

potentially record precipitation variability at the daily or

weekly time scale, especially in semiarid regions where

single events dominate the seasonal totals.

In an investigation of more than 300 heavy 1-day

precipitation events for Colorado since the late nine-

teenth century, McKee and Doesken (1997) found that

extreme rainfall can occur anywhere in Colorado typi-

cally from April through October, but there is a distinct

peak of occurrence during the last week of July and first

few days of August. The heaviest of these events most

commonly occur in the foothills just east of the Rocky

Mountains (McKee and Doesken 1997. Our results also

indicate that the average two week precipitation total

from 19 July to 1 August is highest compared to all

possible two week intervals for the foothills and mainly

the eastern High Plains of Colorado, and this pre-

cipitation maxima is largely the product of heavier

single-day rainfall totals (Fig. 1). These single-day pre-

cipitation events, particularly the heaviest days when

rainfall is widespread (Fig. 6c), may be the most im-

portant source of soil moisture recharge needed for late

season tree growth of the ponderosa pine woodlands

native to the Rocky Mountain Front Range and

foothills of Colorado. Oxygen isotope measurements

of the nearly full latewood from mature ponderosa

pine in northern Arizona indicate a reliance on winter

moisture (Kerhoulas et al. 2017), which is a similar

finding to the results shown for the unadjusted late-

wood width data in Fig. 5. The response to single-day

rainfall events during the wettest two week period of

the year over eastern Colorado was only revealed af-

ter using the Kalman filter to isolate the last-formed

xylem cells at the end of the growing season, which are

represented by tree-ring chronologies of adjusted

latewood width.

The reconstruction developed in this study does not

estimate the largest single-day precipitation totals for

the entire year, and in fact there have been a number of

extreme precipitation events in Colorado that have led

to significant flooding that cannot be captured by pon-

derosa pine adjusted latewood chronologies (e.g., the

event in September 2013). However, the reconstruc-

tion does provide a valuable long-term perspective on

heavy rains during a 2-week interval when extreme rains

and severe weather occur with the highest probability

(Weaver and Doesken 1990; McKee and Doesken

1997). The reconstruction estimates that heavy mid-

summer rainfall events increased from the late eigh-

teenth century to the late twentieth century, with the

period from 1960 to 1997 having the highest frequency

of these extremes over the last 241 years. A time series

of maximum 24h precipitation totals for the entire year

based on station observations for Denver also seems to

indicate that the heaviest 24-h events for the entire year

were on average larger in the mid- to late twentieth

century compared to previous periods (McKee and

Doesken 1997). Coupled with rapid urban development

along the Front Range, some of the heavy rainfall ex-

tremes that occurred in summer led to costly flash

flooding during the late twentieth century. Providing a

long-term context for the frequency and magnitude of

these extreme midsummer precipitation events across
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many of the vulnerable Front Range drainage basins

may now be possible based on the findings of this study.

Ponderosa pine and other semiarid conifer species are

native to many of the eastern Rocky Mountain and

Front Range drainage basins that have been impacted

by severe summer flash flooding, including the Big

Thompson Canyon and Spring Creek near Fort Collins.

Development of adjusted latewood width chronologies

in these vulnerable basins could help investigate changes

in the frequency of precipitation extremes in July and

August over the last several hundred years.
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