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Abstract

Latewood width tree-ring chronologies from arid-site conifers in the south-
western United States are correlated with precipitation during portions of the
summer monsoon season. The onset date and length of the monsoon season
varies across the region, and these regional differences in summer rainfall cli-
matology may impact the strength and timing of the warm season precipita-
tion response of latewood chronologies. The optimal latewood response to
summer precipitation is computed on a daily basis using 67 adjusted latewood
chronologies (LWa) from the southwestern United States, adjusted to remove
correlation with preceding earlywood growth. Most LWa chronologies are sig-
nificantly correlated with precipitation summed over a period of approximately
4 weeks (29 days) in early summer. This early summer precipitation signal is
present in most ponderosa pine chronologies across the study area. It is also
evident in Douglas-fir chronologies, but only from southern Arizona and New
Mexico. The Julian date of summer precipitation onset increases from south to
north in the instrumental precipitation data for the southwestern United
States. The timing of the early summer season precipitation response in most
LWa chronologies also tends to occur later in the summer from southeastern
Arizona into northern New Mexico and eastern Colorado. Principal compo-
nents analysis of the LWa chronologies reproduces two of the three most
important spatial modes of early summer precipitation covariability seen in
the instrumental data. The first PC of LWa is related to the same atmospheric
circulation features associated with PC1 of instrumental early summer precipi-
tation, including cyclonic circulation over the southwestern United States and
moisture advection from the eastern Pacific. Correlation analyses between
antecedent cool season precipitation and early summer rainfall using instru-
mental and tree-ring reconstructed precipitation indicates that the tree-ring
data reproduce the multi-decadal variability in correlation between seasons
seen in the instrumental data.
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1 | INTRODUCTION
Warm season precipitation associated with the North
American Monsoon System (NAMS) is a vital water
resource to the montane ecosystems of northern Mexico
and the southwestern United States (Adams and
Comrie, 1997). The contribution of summer monsoon
precipitation is highest over the Sierra Madre Occidental
in northern Mexico extending northward into southern
Arizona and New Mexico (Douglas et al., 1993), but the
influence of the monsoon circulation may encompass
much of the western North American plateau even
though the contribution to annual totals is lower
(Hales, 1972; Reiter and Tang, 1984; Tang and
Reiter, 1984). There is some evidence that the timing of
when summer rains arrive has changed in recent decades
as indicated by delays in the onset, peak, and demise of
the monsoon across the southwestern United States
(Grantz et al., 2007). Though there is high uncertainty,
global circulation models suggest that early season mon-
soon precipitation in June and July is projected to
decline, but late summer totals in September are projec-
ted to increase (Cook and Seager, 2013). Combined with
higher summer temperatures and increased evaporative
demand (Williams et al., 2013), decreases in early sum-
mer precipitation will potentially increase agricultural
and forest stress during the summer growing season
(McDowell et al., 2016). Changes in the arrival and inten-
sity of monsoon rains can have a significant impact on
dryland agriculture and ranching, wildfire activity, and
plant survival and productivity (Germaine and
McPherson, 1998; Swetnam and Betancourt, 1998; Ray
et al., 2007). However, the possible future impacts of
changing summer precipitation seasonality on forest eco-
systems of the southwestern United States will likely vary
because the importance of summer moisture to plant
growth varies across the region (Ray et al., 2007; Szejner
et al., 2016). As an example, growth and productivity of
conifers located near the border of the southwestern
United States and Mexico are tightly coupled to monsoon
rains, but at the northern boundary of the NAMS in
southern Utah and Colorado the biophysical processes
associated with tree growth are more heavily influenced
by winter and spring moisture (Szejner et al., 2016).
Tree-ring chronologies of annual ring width
(RW) from the southwestern United States are not ideal
for reconstructing summer climate because total RW
tends to be correlated with climate conditions that influ-
ence the availability of soil moisture across several
months prior to and during the growing season
(Douglass, 1920; Fritts, 1976). In recent years, sub-annual
tree-ring chronologies of earlywood (EW) and latewood
(LW) width from Mexico and the southwestern United

States have made it possible to produce discrete estimates
of precipitation during the cool and monsoon seasons
(e.g., Cleaveland, 1986; Cleaveland et al., 2003;
Villanueva-Diaz et al., 2007; Stahle et al., 2009; Faulstich
et al., 2013; Griffin et al., 2013; Woodhouse et al., 2013;
Stahle et al., 2020). LW width chronologies are often very
highly correlated with EW chronologies (Torbenson
et al., 2016) due to significant sharing of carbohydrate
resources and soil moisture pools (Szejner et al., 2018)
and tend to be impacted by climate variables that also
influence EW width, sometimes including a partial
response to summer rainfall. Adjusted latewood chronol-
ogies (LWa) are the residuals from a regression of LW on
EW width chronologies and are therefore independent of
the variability in the EW chronologies (Meko and
Baisan, 2001; Stahle et al., 2009; Griffin et al., 2011;
Griffin, 2013). Adjusted latewood chronologies from the
southwestern United States tend to be best correlated
with precipitation in July and August associated with the
NAMS (Meko and Baisan, 2001; Therrell et al., 2002; Sta-
hle et al., 2009; Faulstich et al., 2013; Griffin, 2013; Griffin
et al., 2013; Woodhouse et al., 2013). Distinct seasonal cli-
mate signals in LW and LWa growth chronologies have
also been identified in conifer chronologies from western
Canada (Watson and Luckman, 2002), the interior Rocky
Mountains (Crawford et al., 2015), western Washington
(Dannenberg and Wise, 2016), the south-central United
States (Torbenson and Stahle, 2018), the western Great
Plains (Howard et al., 2019), as well for many other tree
species worldwide (e.g., Lebourgeois et al., 2005).

In dendroclimatology, climate-response analyses often
use instrumental climate variables calculated on monthly,
seasonal, or annual timescales. However, the tree growth
response to environmental conditions may not be best rep-
resented with analyses based on monthly or seasonal data.
Previous studies have utilized daily observations to investi-
gate the optimal periods of moisture or temperature
response in tree-ring data (e.g., Deslauriers et al., 2003;
Beck et al., 2013; Land et al., 2017; JevSenak, 2019; Howard
and Stahle, 2020) and in simulated tree-ring chronologies
(Anchukaitis et al., 2006). Higher correlations with climate
can sometimes be found using variables not restricted to
monthly or seasonal averages. The use of daily data can
also reveal low-frequency changes in the timing of the tree
growth response to climate during the growing season
(Anchukaitis et al., 2006; Beck et al., 2013; Jev§enak, 2019).
The currently published reconstructions of summer precip-
itation in the southwestern United States were targeted at
monthly and seasonal rainfall totals for a single site or
region and did not explore the relationship between sum-
mer precipitation and tree growth at the daily timescales
fundamental to monsoon variability, dynamics, and ecosys-
tem interactions. The identification of summer moisture
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proxies across the southwestern United States is important
for analyses of the climate dynamics responsible for mon-
soon precipitation variability and its impact on ecosystem
productivity, for the detection of possible long-term
changes to summer precipitation due to anthropogenic
forcing, and for investigations of the potential link between
cool season climate conditions and the onset and intensity
of summer rains (e.g., Gutzler, 2000; Ellis and
Hawkins, 2001; Lo and Clark, 2002). Climate response
analysis using daily precipitation data may also be useful
in the southwestern United States where the onset and
importance of summer rains varies across the domain
(Higgins et al., 1997; Ellis et al., 2004).

This article addresses the optimal precipitation
response question and the dynamics of summer precipita-
tion variability with a systematic analysis of daily instru-
mental data and 67 LWa chronologies of Douglas-fir
(Pseudotsuga mengiesii) and ponderosa pine (Pinus
ponderosa), the two species most commonly used for
reconstructing hydroclimate in the southwestern United
States. The objectives of this study were to:

1. Map the average Julian date of onset for the summer
wet season across the southwestern United States
using gridded instrumental daily precipitation data.

2. Investigate the daily precipitation response of LWa
chronologies in the southwestern United States and
identify the onset and withdrawal dates, peak correla-
tion, and duration of the optimal warm season precip-
itation signals in these sub-annual RW data.

3. Investigate the prominent spatial modes of LW
growth variability for sites significantly correlated

(a) Douglas-fir (PSME)

with summer precipitation to determine whether
these tree-ring chronologies reproduce the major spa-
tiotemporal modes of early summer precipitation vari-
ability over the southwestern United States.

4. Explore the climate dynamics of early summer precip-
itation using both instrumental and proxy tree-ring
data.

2 | STUDY REGION

AND THE SUMMER RAINFALL
CLIMATOLOGY OF THE
SOUTHWESTERN UNITED STATES

The 67 tree-ring sample sites are located across a diverse
geographic range of the southwestern United States
(Figure 1; Table 1) where rainfall associated with the
NAMS from late June through early September contrib-
utes a substantial fraction of annual precipitation totals
(Figure 2). The onset of the summer rainy season gener-
ally occurs in late June and early July in far west Texas
and southern New Mexico, during the first 2 weeks of
July over southern Arizona, and gradually becomes later
with an increase in latitude (see Figure 4; Higgins
et al., 1997; Ellis et al., 2004; Liebmann et al., 2008). Sum-
mer monsoon moisture in July and August contributes
the highest percentage of the total annual precipitation
for the areas of southeastern Arizona and western New
Mexico (Figure 2b,c), with a pronounced peak in daily
rainfall totals in July and remaining elevated through
September (Figure 3c). In north-central Arizona, the pre-
cipitation climatology is bimodal with high contributions

Latewood chronologies

(b) Ponderosa pine (PIPO)

L

FIGURE 1

Site maps illustrating the
geographic distribution of the

(a) Douglas-fir and (b) ponderosa pine
LWa chronologies used in this analysis. A
total of 40 Douglas-fir and 27 ponderosa
pine chronologies were used. Note there
are several locations where multiple
chronologies are present [Colour figure

Wyoming

Colorado

Nevada

@ O

Arizona C

New Mexico

can be viewed at wileyonlinelibrary.com]
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TABLE 1 The name, location, species, and summer precipitation response of 67 adjusted LW width chronologies from the southwest are
tabulated

Site name

Arizona Summer Lat Lon Species Onset Withdrawal Duration Peakr 0-30 W-30 r-30
Bear Canyon X 32.23 -11041 PSME 172 194 22 .62 189 219 51
Bear Canyon X 3223 -110.41 PIPO 183 218 35 .58 195 225 47
Douglas Canyon X 3238 -110.18 PSME 188 223 35 .81 199 229 .66
Florida Low X 3144 -110.50 PSME 178 215 37 .67 195 225 .49
Florida Saddle X 3143 -110.50 PSME 179 202 23 .63 191 221 .49
Fort Valley X 3516 —111.45 PIPO 194 239 45 .67 215 245 .44
Ladybug Peak X 3237 -109.49 PSME 180 209 29 49 197 227 .39
Onion Saddle X 31.55 -109.16 PSME 173 232 59 .70 176 206 .66
Potato Patch 3505 -113.54 PSME 153 228 75 .76 — — —
Rhyolite Canyon X 31.60 —-109.20 PSME 179 202 23 .73 184 214 .58
Rhyolite Canyon X 31.60 —109.20 PIPO 180 218 38 .69 194 224 .52
Rincon Peak X 32.08 -110.31 PSME 182 194 12 .64 190 220 .48
Santa Catalina X 32.27 -11047 PSME 188 198 10 .63 198 228 51
Scheelite Canyon X 31.28 -110.21 PSME 176 204 28 .54 188 218 .38
Tsegi Canyon 3641 -110.32 PSME 157 193 36 .53 — — —
‘Wahl Knoll X 33.60 —-109.23 PSME 192 204 12 .54 199 229 .29
Walnut Canyon 3510 -111.31 PSME 127 196 69 .70 — — —
Walnut Canyon X 3510 -—-111.31 PIPO 190 251 61 .74 214 244 .62
White Canyon 37.37 -109.60 PSME 158 170 12 74 — — —
Winona Canyon X 35,09 -111.31 PIPO 188 205 17 .65 191 221 .53
Colorado

Black Forest East X 39.50 —104.22 PIPO 193 219 26 .68 205 235 .58
Gotera Rincon X 37.06 —103.57 PIPO 200 210 10 .65 209 239 47
Jefferson County X 39.68 —105.20 PIPO 197 219 22 .70 203 233 .50
Kim X 37.23 —103.25 PIPO 190 210 20 .66 197 227 .55
Mancos River 37.16 —108.21 PSME 116 203 87 .70 — — —
Mesa de Maya X 37.10 —103.62 PIPO 199 210 11 42 208 238 227
Mesa Verde Fir 37.10 —108.31 PSME 157 171 14 .80 — — —
Ridge Road X 39.23 —104.12 PIPO 199 220 21 48 208 238 .38
South Fork X 37.40 —106.40 PIPO 199 226 27 .65 213 243 .56
Turkey Creek X 38.21 —104.29 PIPO 192 218 26 .64 202 232 .51
Valley View X 39.07 —104.43 PSME 184 195 11 .58 184 214 40
Valley View X 39.07 —104.43 PIPO 190 225 35 .60 183 213 40
Vera Platt X 37.28 —106.18 PIPO 199 211 12 .61 210 240 44
New Mexico

Black Mountain X 33.21 —108.16 PSME 180 209 29 .64 190 220 .52
Black Mountain 33.21 —108.16 PIPO 234 245 11 46 = = =
Black River X 33.48 —109.19 PSME 190 204 14 .58 198 228 43
Black River X 33.48 —109.19 PIPO 185 209 24 48 201 231 .37
Cornay Ranch X 36.80 —103.98 PIPO 192 212 20 .64 204 234 .57

Ditch Canyon 36.60 —107.48 PSME 133 149 16 .60 = = =
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New Mexico

Echo Amp. 36.21 —106.32 PSME
El Malpais 34.58 —108.06 PSME
Emory Pass X 32.55 —107.46 PSME
Filmore Canyon X 32.20 —106.34 PIPO
Fox Mountain 34.37 —108.42 PSME
Gallinas Mtn. X 34.15 —105.48 PSME
Gallinas Mtn. X 34.15 —105.48 PIPO
Garcia Park 36.22 —105.24 PIPO
Guadalupe Mtn. 31.54 —104.51 PSME
Kenton X 36.49 —103.01 PIPO
Luna South 33.44 —108.57 PSME
Magdelena Mtn. X 33.59 —107.10 PSME
Mill Canyon X 36.07 —104.35 PIPO
Organ Mountain 32.21 —106.34 PSME
Pueblita Canyon 36.42 -107.19 PSME
Rio Pueblo X 36.10 —105.36 PIPO
Sandia X 35.17 —106.28 PSME
Satan Pass 35.36 —108.08 PSME
Sierra Grande X 36.43 —103.51 PIPO
Smith Mountain 33.43 -107.27 PSME
Sunspot Update X 32.48 —105.48 PSME
Sunspot X 32.48 —105.48 PSME
Turkey Springs X 35.24 —108.32 PIPO
Wolf Hollow X 33.24 —108.13 PSME
Wolf Hollow 33.24 —108.13 PIPO
Texas

Big Bend X 29.15 —103.18 PSME
Utah

Beef Basin 37.56 —109.48 PSME
Harmon Canyon 39.48 —110.2 PSME

134 181 47 61 — — —
154 223 69 64 = — =
174 224 50 59 191 221 47
179 222 43 63 201 231 A7
133 151 18 65 — — —
173 218 45 62 194 224 47
189 220 31 64 205 235 44
139 152 13 39 — — —
139 158 19 61 — — —
191 223 32 73 202 232 59
162 194 32 58 — — —
179 222 43 69 196 226 53
180 226 46 70 219 249 .60
155 199 44 74 = — =
158 175 17 71 — — —
202 225 23 69 217 247 58
167 229 62 76 199 229 57
127 170 43 .60 — — —
195 208 13 57 202 232 42
149 238 89 49 — — —
189 225 36 69 208 238 48
183 202 19 65 206 236 51
197 232 35 64 213 243 55
178 214 36 72 191 221 62
154 216 62 54 — — —

194 210 16 33 202 232 15

134 149 15 59 — — —
151 197 46 74 = = =

Note: The 46 chronologies with a discrete summer precipitation signal are indicated (X) in column 2 (‘Summer’). The onset and withdrawal dates (W-30 and O-
30, respectively), as well the peak Pearson's r-value (r-30) for the optimal moisture response using a fixed 30-day window smoothed with a 30-day running
average are included for those sites with a discrete summer moisture signal (see Figure 5).

from winter moisture associated with mid-latitude storm
systems, along with summer rains from the NAMS that
typically impact the region beginning in early July
(Figure 3a). In north-central New Mexico, summer pre-
cipitation is dominant, but the peak in daily rainfall rates
is less pronounced compared to southern Arizona
(Figure 3d). At the far northeastern boundary of the
NAMS, daily precipitation rates are characterized by two
peaks, one in late spring associated with major synoptic
storm systems, and a secondary peak in midsummer that
is connected to the monsoon circulation and low-level
moisture advection from the Gulf of Mexico (Figure 3b;

Hansen et al., 1978). These differences in summer precip-
itation climatology may be imprinted on the LW tree
growth response to climate of arid-site conifers from the
southwestern United States.

3 | DATA AND METHODS

31 | LW width chronology development

Paired EW and LW width measurements from 40 Doug-
las-fir and 27 ponderosa sites were used to calculate the
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Monthly precipitation contribution
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FIGURE 2 The percent contribution of monthly precipitation totals for (a) June, (b) July, and (c) August are plotted for the
southwestern United States calculated for the period 1948-2019 using the gridded daily data. Note the influence of the NAMS beginning in

July over much of Arizona, New Mexico, and higher precipitation contributions also extend northeastward into Colorado and the western
Great Plains [Colour figure can be viewed at wileyonlinelibrary.com]

Average daily precipitation rates across the southwestern United States

4 (a) North-central Arizona (Fort Valley) (b) Eastern Colorado (Black Forest East)
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FIGURE 3 Climatological average daily precipitation rates (mm/day) are plotted for four grid points closest to LWa chronologies in
different regions of the southwestern United States, including (a) north-central Arizona, (b) eastern Colorado, (c) southeastern Arizona, (d)
north-Central New Mexico. These series have been smoothed with a 5-day running mean. The average daily precipitation rates are
calculated for the period 1948-1991 and are similar if calculated for the full instrumental period from 1948-2019. The 1 mm threshold is also
plotted (solid horizontal line). Dashed vertical lines represent the astronomical starts of summer (June 21) and fall (September 21) [Colour
figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Tree-ring metadata for the 67 chronologies used in this study

Site name

Arizona Elevation (m) Chronology length Archive collector

Bear Canyon 1,877 1698-2009 Many (Griffin)

Bear Canyon 1,877 1838-2009 Many (Griffin)

Douglas Canyon 2,074 1652-2008 Harlan & Meko (Griffin)
Florida Low 2,278 1628-2008 Graybill (Griffin)

Florida Saddle 235 1490-2008 Schulman, Graybill & Stokes (Griffin)
Fort Valley 2,260 1815-2008 Griffin

Ladybug Peak 2,667 1626-2008 Harlan (Griffin)

Onion Saddle 2,316 1608-2010 Adams (Griffin)

Potato Patch 2,300 1797-2008 Stokes (Griffin)

Rhyolite Canyon 1,328 1618-2010 Graybill (Griffin)

Rhyolite Canyon 1,328 1576-2010 Graybill (Griffin)

Rincon Peak 2,205 1591-2008 Graybill (Griffin)

Santa Catalina 2,746 1536-2009 Harlan (Griffin)

Scheelite Canyon 1,812 1630-2009 Adams (Griffin)

Tsegi Canyon 2,068 381-2008 Douglass & Dean (Griffin)
Wahl Knoll 2,969 1366-2008 Meko (Griffin)

Walnut Canyon 1,995 1645-2010 Graybill & Stokes (Griftin)
Walnut Canyon 1,995 1528-2010 Graybill & Stokes (Griffin)
White Canyon 1,895 1347-2009 Dean (Griffin)

Winona Canyon 2,172 1667-1991 Unknown

Colorado

Black Forest East 1,809 1690-1998 Woodhouse & Brown*
Gotera Rincon 1,790 1372-1997 Woodhouse & Brown*
Jefferson County 2,241 1531-2002 Woodhouse & Lukas*

Kim 1,743 1698-1998 ‘Woodhouse & Brown*
Mancos River 2,494 722-2011 Stahle

Mesa de Maya 1,930 1631-1997 Woodhouse & Brown*
Mesa Verde Fir 2,042 480-2008 Schulman & Cleaveland (Griffin)
Ridge Road 1,872 1779-1997 Woodhouse & Brown*
South Fork 2,591 1556-2008 Woodhouse (Griffin)
Turkey Creek 2,176 1643-2003 Woodhouse & Lukas*
Valley View 2,217 1539-1997 Woodhouse & Brown*
Valley View 2,220 1649-1998 Woodhouse & Brown*
Vera Platt 2,835 1661-2008 Woodhouse (Griffin)

New Mexico

Black Mountain 2,489 1304-2008 Graybill, Meko & Baisan (Griffin)
Black Mountain 2,489 1838-2009 Graybill, Meko & Baisan (Griffin)
Black River 2,434 1565-2008 Graybill (Griffin)

Black River 2,434 1657-2008 Adams & Meko (Griffin)

Cornay Ranch 2,221 1613-1998 Woodhouse & Brown*

Ditch Canyon 2,036 1610-2008 Cleaveland & Dean (Griffin)
Echo Amp. 2,029 1295-2008 Dean & Touchan (Griffin)

(Continues)
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TABLE 2 (Continued)

New Mexico

El Malpais 2,205 590-2004 Grissino-Mayer

Emory Pass 2,540 1838-2009 Griffin

Filmore Canyon 2,133 1306-2008 Grissino-Mayer, Baisan & Morino (Griffin)
Fox Mountain 2,707 1591-2009 Stockton (Griffin)

Gallinas Mtn. 2,439 1616-2008 Stockton (Griffin)

Gallinas Mtn. 2,439 1655-2008 Stockton (Griffin)

Garcia Park 2,718 1879-2008 Swetnam (Griffin)

Guadalupe Mtn. 2,417 1537-1991 Stahle

Kenton 1,693 1635-2014 Howard & Stahle

Luna South 2,600 1738-2009 Stockton (Griffin)

Magdelena Mtn. 3,044 622-2008 Grissino-Mayer, Baisan & Morino (Griffin)
Mill Canyon 1,745 1584-2015 Woodhouse & Brown*

Organ Mountain 2,475 1597-2009 Stokes (Griffin)

Pueblita Canyon 2,005 1643-2009 Cleaveland & Dean (Griffin)

Rio Pueblo 2,455 1541-2008 Swetnam (Griffin)

Sandia 2,204 925-1995 Baisan

Satan Pass 2,306 1313-2008 Dean (Griffin)

Sierra Grande 2,447 1624-2014 Howard & Stahle

Smith Mountain 2,011 816-2008 Griffin

Sunspot Update 2,870 1627-2008 Stahle

Sunspot 2,870 1628-1991 Griffin

Turkey Springs 2,374 1595-2008 Dean (Griffin)

Wolf Hollow 2,532 1669-2008 Griffin

‘Wolf Hollow 2,532 1597-2008 Griffin

Texas

Big Bend 954 1493-1991 Cook
Utah

Beef Basin 2,181 351-2005 Meko
Harmon Canyon 2,134 0-2007 Meko

Note: The original archive collectors are provided, and if (Griffin) is listed that indicates these sites were updated by Griffin et al. (2013). The symbol * indicates
these collections were remeasured for earlywood and latewood width by Howard et al. (2019) and Howard and Stahle (2020).

LWa chronologies (Figure 1; Table 1). The majority of
these sites were originally collected by previous investiga-
tors (Woodhouse and Brown, 2001; Stahle et al., 2009), but
a number of sites have either been updated or re-measured
for EW and LW width (Table 2; Griffin, 2013; Howard
et al., 2019). New chronologies of ponderosa pine EW and
LW width have been developed at sites in northeastern
New Mexico (Table 2; Howard et al., 2019). The measured
ring-width series of EW and LW were detrended using a
cubic smoothing spline with a 0.50 frequency response at a
wavelength equal to 70% of each measured series. The
growth indices were averaged into the respective EW and
LW index chronology using the robust mean-value

function (Cook, 1985). The autocorrelation present in each
chronology was removed using autoregressive modelling
(Meko, 1981) to produce the residual chronologies.
Though EW and LW width chronologies tend to retain
separate seasonal climate information and have been used
to separately reconstruct cool or warm season precipitation
(e.g., Cleaveland et al., 2003; Torbenson and Stahle, 2018;
Stahle et al., 2020), the correlation between EW and LW at
a given site can be so high that the strong winter-spring
signal in EW width obscures any separate summertime
signal that might also be recorded in LW width
(Torbenson et al., 2016). This autocorrelation between EW
and LW can be removed using regression techniques.
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Meko and Baisan (2001) regressed the LW chronology on
the EW chronology to derive the LW regression residuals
that are uncorrelated with EW (i.e., LWa). This manipula-
tion works reasonably well in isolating the variability of
LW growth that theoretically should contain a ‘discrete’
seasonal climate signal that is independent of prior season
biological and climate conditions (i.e., Stahle et al., 2009;
Griffin et al., 2011). In this study, the LW width chronol-
ogy was regressed on the EW width chronology at each
site for the common interval from 1838-1991 to produce
the LWa width data. The 1838-1991 interval represents
the period when most sites contain the highest number of
individual samples used in the calculation of the chronolo-
gies (i.e., >5 trees sampled).

3.2 | Instrumental climate data and the
calculation of onset date of summer rains

Gridded daily precipitation data were acquired from the
National Oceanic and Atmospheric Administration
(NOAA) Climate Prediction Center's (CPC) U.S. Unified
Gauge-Based Analysis of Precipitation dataset (Higgins
et al., 2000, 2007). The gridded daily data covers the conti-
nental United States at 0.25° latitude 0.25° longitude reso-
lution from 1948-present and is updated daily. The daily
gridded product is created using a dense network of
observing sites from NOAA and the National Climatic
Data Center (NCDC) River Forecast Center (RFC) which
are then interpolated using an optimal interpolation algo-
rithm that also accounts for complex terrain (Xie
et al., 2007). The daily totals at each grid point are calcu-
lated for the 24-hr period ending at 1200 UTC of the cur-
rent day. Daily precipitation totals tend to be
underestimated in the gridded data when compared to sta-
tion totals because of spatial interpolation, but when
aggregated over longer timescales precipitation totals are
similar between gridded products and station data (Ensor
and Robeson, 2008). Here, we treat gridded daily precipita-
tion totals <1.00 mm as zero because these values are
often an artefact of spatial interpolation and add noise to
the common signal that might be present in the tree-ring
data (e.g., Howard and Stahle, 2020). Gridded monthly
precipitation data from the Global Precipitation Climatol-
ogy Centre (GPCC; Schneider et al., 2018) were used in a
25-year running correlation analysis between July and
December-April precipitation from 1891-2016 for a
regional average of the southwestern United States
(approximately 30°-40°N, 113.5°-103°W) to examine the
inter-seasonal relationship between cool season moisture
and monsoon rains. The GPCC monthly data were used
for the running correlation instead of the daily product
simply to extend the analyses prior to 1948.

Calculation of monsoon onset over the NAMS has
been analytically derived using a variety of methods
based on daily precipitation data and variables that track
changes in atmospheric circulation and humidity in early
summer (Higgins et al., 1997; Ellis et al., 2004; Liebmann
et al., 2008). Here, we use segmented regression to detect
changepoints in cumulative daily precipitation time
series for the 67 grid points closest to each tree-ring site
for the period 1948-1991. With segmented regression,
two-segment piecewise linear regression models were fit
to each daily precipitation time series using an algorithm
in the R package ‘Segmented’ (Muggeo, 2008). Starting
with estimated changepoints for each daily time series
based on previous calculations of monsoon onset
(e.g., Higgins et al., 1997; Ellis et al., 2004; Liebmann
et al., 2008), the algorithm iteratively fits two-segment
regression models across a possible range of changepoints
and then chooses the model with the lowest residual sum
of squares (Muggeo, 2003). The segmented regression
approach allows for the manual selection of the start and
end dates of the daily time series for which to calculate
changepoints. Onset dates were calculated using seg-
mented regression based on daily cumulative time series
from Julian day 152 (June 1) to Julian day 243 (August
31). Using different intervals from June 1 to September
30, and June 1 to October 31 did not significantly change
the timing of onset dates. This approach is similar to the
methods applied by Cook and Buckley (2009), who calcu-
lated monsoon onset and withdrawal dates from cumula-
tive daily station data in Thailand using two-phase linear
regression. Segmented regression was also applied to cal-
culate summer wet season withdrawal dates for two dif-
ferent intervals (i.e., Julian days 213-273 and 213-303 or
August 1-September 30 and August 1-October 31, respec-
tively). However, significantly different withdrawal dates
were produced using the two different periods for some
grid points, suggesting there is no significant step-like
change in cumulative daily precipitation totals that sig-
nifies the end of the summer wet season. As a result,
instrumental withdrawal dates were not included in this
analysis.

3.3 | Calculating the onset, peak
correlation, and duration of the LW growth
response to precipitation

The daily precipitation data were correlated with the
67 LWa chronologies to investigate four variables associ-
ated with the seasonal precipitation signal in the growth
of LW. These four variables include the Julian date of
onset and withdrawal, peak correlation, and duration
(from onset to withdrawal) for the optimal daily
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precipitation interval calculated for each LWa chronol-
ogy. To objectively calculate these variables, daily precipi-
tation data were extracted for the eight grid points closest
to each LWa chronology, and then summed for intervals
ranging from 10- to 90-days in length (n = 81 intervals)
from April 1 to September 30 (e.g., a 31-day total for July
31 = precipitation summed from July 1 to July 31 each
year, producing an annual time series from 1948-1991
that could then be correlated with the respective LWa
chronology). This results in 118,584 annual time series
(183 days x 81 intervals x 8 grid points) correlated with
each chronology for the common period of 1948-1991.
The eight surrounding grid points were all considered
instead of the single nearest grid point simply to expand
the search radius and to possibly identify nearby grid
points where the correlation with precipitation may be
higher. Precipitation at a single grid cell tends to have a
wider spatial correlation when summed over longer time-
scales (i.e., 60-90 days). It is therefore possible that
higher correlations for longer intervals might be com-
puted for grid points beyond the nearest eight to each
chronology, but this was not observed consistently. Inclu-
sion of precipitation totaled for less than 10 days often
resulted in annual time series with numerous zero values

(a) Average onset day of
the summer wet season

at drier sites and were excluded. Few if any of the avail-
able LWa chronologies are correlated with precipitation
summed for more than a 90-day period (Stahle
et al., 2009; Griffin et al., 2011; Griffin, 2013).

The precipitation interval (at any of the eight grid
points) from 10- to 90-days with the highest correlation
with the nearby LWa chronology was then identified as
the ‘optimal daily precipitation response interval’. The
beginning and ending Julian dates for this optimal inter-
val are the ‘onset’ and ‘withdrawal’ dates, respectively,
and the ‘duration’ of the signal is the number of Julian
days between onset and withdrawal, similar to the
approached defined by JevSenak (2019). The highest
Pearson's correlation coefficient for any interval and day
of the year, is referred to as the ‘peak correlation’. In
these calculations, peak correlation occurs on the with-
drawal date and following this day the correlations with
precipitation begin to decline. As an example, if the
highest single grid point correlation found for a given
LWa chronology was with 31-day total precipitation from
July 1 to July 31 for 1948-1991 (i.e., the peak correlation),
then the onset date would be July 1, withdrawal date
would be July 31, and the duration of the signal would be
31 days. The tree-ring chronology will be correlated at a

(b) Julian day onset for
optimal period of correlation

(c) Difference
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(a) The climatological average onset date of the summer wet season was determined for the grid point closest to the 46 LWa

chronologies correlated only with summer rainfall using segmented regression models on cumulative daily precipitation data from June 1 to
August 31. The average onset date is based on the 1948-1991 period. (b) The tree-ring onset date was determined by identifying the
beginning Julian date of the optimal daily precipitation response interval for the 46 LWa chronologies well correlated with summer

precipitation. Note the similar latitudinal transitions in onset dates from both the instrumental and tree-ring data (a vs. b). (c) The difference
between the instrumental onset dates and tree-ring onset dates (tree ring—instrumental) [Colour figure can be viewed at

wileyonlinelibrary.com]
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similar but lower level with 31-day precipitation totals
before and after the date of the peak correlation simply
because the correlations are being advanced just 1 day at
a time. But these correlations will always be lower than
the peak correlation and the method provides an objec-
tive basis for the estimation of onset, duration, and with-
drawal of the optimal summer precipitation response.

3.4 | Principal component analysis
Gridded precipitation summed from July 6 to August
3 for a regional average of the southwestern United States
(approximately 30°-40°N, 113.5°-103°W) and a network
of 46 LWa chronologies that are sensitive only to summer
rainfall were both investigated with principal component
analyses (PCA; Jolliffe, 2002). The July 6 to August
3 interval represents the average optimal precipitation
response period for the 46 LWa chronologies (see
Table 1). The PCA based on the LWa chronologies was
computed for the full common period from 1838-1991,
and for the period from 1948-2019 for the early summer
precipitation data. The loadings and first three principal
component (PC) time series for both the tree-ring and
instrumental data were retained. Loadings on the PCs
were mapped to characterize the leading modes of tree
growth and early summer precipitation variability over
the southwestern United States. The time series from the
first two PCs of the LWa chronologies were correlated
with PC1 and PC3, respectively, from the early summer
instrumental precipitation data over the common period
1948-1991. To investigate the largescale synoptic circula-
tion features associated with these leading modes of tree
growth and early summer precipitation variability, the
two PC1 time series were correlated with July 500 mb
geopotential height and integrated precipitable water and
regressed on 850mb vector winds for the period
1948-1991 using data from the NCEP/NCAR Reanalysis
1 dataset (Kalnay et al., 1996).

4 | RESULTS

41 | The LW growth response to
summer precipitation onset and daily
totals

The 67 LWa chronologies from the southwestern United
States are significantly correlated with local precipitation
accumulated over intervals ranging from 10- to 90-days
over a six-month warm season extending from April to
September. The onset and withdrawal dates, the dura-
tion, and the peak correlation computed for the optimal

of Climatology

daily precipitation interval for each LWa chronology are
listed in Table 1. There are 45 LWa chronologies signifi-
cantly correlated only with summer moisture, meaning
the tree-ring onset date is after Julian day 172 (June 21;
Table 1). However, the Sandia LWa chronology is also
included as one of the 46 discrete summer moisture prox-
ies even though the onset date for this site is Julian day
167. This LWa chronology was included because of its
high correlation with local precipitation from late June
through August (Table 1). The remaining 21 chronologies
largely have onset dates at least 1 week before the astro-
nomical start of summer on Julian day 172. These LWa
chronologies are primarily Douglas-fir sites in western
New Mexico and on the Colorado Plateau that are corre-
lated with total precipitation in spring and early summer
and thus excluded from the remaining analyses (Table 1).
When separated by species, 24 out of the 27 ponderosa

Smoothed daily precipitation
response profiles
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FIGURE 5
for the 46 LWa chronologies best correlated with summer moisture

The daily precipitation response profiles are plotted

(based on the Pearson's correlation with overlapping 30-day total
precipitation intervals, advancing 1 day a time). Each response
profile is colour-coded by latitude. The response profiles that peak
first tend to be for sites in southern Arizona and New Mexico, while
the later peaks are for sites at more northerly latitudes in northern
New Mexico and eastern Colorado. All response profiles have been
smoothed with a 30-day moving average to reduce the inter-day
variability of correlation values and better illustrate differences in
timing of peak response based on the location of each chronology.
This smoothing procedure delays the timing of the response profiles
by an average of 13 days compared to the unsmoothed profiles, but
preserves the latitudinal changes among chronologies. The
horizontal dashed lines represent significance thresholds (p <.05 and
p <.01, two tailed) based on correlations calculated from 1948-1991
(n = 44) [Colour figure can be viewed at wileyonlinelibrary.com]
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pine chronologies are significantly correlated with sum-
mer precipitation compared to just 22 out of 40 Douglas-
fir LWa chronologies (Table 1).

The tree-ring onset dates for the 46 LWa chronolo-
gies were compared with the local onset dates of the
summer wet season based on the instrumental precipi-
tation data. Instrumental onset dates have a 22-day
range from June 25 in west Texas to July 17 over the
Front Range of eastern Colorado (Figure 4a). Where
the influence of the NAMS is stronger, onset dates of
late June are calculated for southern New Mexico, and
slightly later in early July over southern Arizona
(Figure 4a). Northeastern New Mexico and eastern
Colorado are approximately the far northeastern
boundary of the NAMS (Douglas et al., 1993), and the
onset of the wetter midsummer period begins in mid-
July (e.g., Figure 3b,d; Hansen et al., 1978; Howard
and Stahle, 2020). There are minor differences when
onset dates are calculated for the full instrumental
1948-2019 period instead of 1948-1991, but the period
1948-1991 was used for consistency with the tree-
ring data.

The Julian date of tree-ring onset also exhibits a pole-
ward progression from southern Arizona northward into
northern New Mexico and eastern Colorado (Figure 4b),

(a) Tree ring, peak r-value

in broad agreement with the onset dates of summer pre-
cipitation calculated from the instrumental data
(Figure 4a). The onset dates for the individual tree-ring
chronologies have a 35-day range from June 16 to July
21. The optimal period of correlation with precipitation
begins in late June and early July for most LWa chronol-
ogies in southern Arizona and New Mexico, but the tree-
ring onset dates for sites in north-central Arizona, north-
ern New Mexico and eastern Colorado are approximately
2-3 weeks later in mid-to-late July (Figure 4b). The dif-
ference between the instrumental and tree-ring onset
dates range from —17 to +18 days across the network,
but the majority of the LWa chronologies (n = 24) have
onset dates that are within 1 week of the instrumental
data (Figure 4c). Daily precipitation response profiles
using a fixed 30-day duration (rather than identifying the
optimal duration) are plotted in Figure 5 and also illus-
trate the poleward progression of the LW growth
response to summer precipitation. These response pro-
files are based on running correlations with 30-day total
precipitation advancing 1 day a time, and then smoothed
with a 30-day running mean. The smoothed response
profiles show a later Julian date for the peak precipitation
correlation as the latitude of the tree-ring chronologies
increases poleward (Table 1; Figure 5).

(b) Tree ring, optimal duration (c) Tree ring, withdrawal date

Wyo

ming

Colorado

oE?k‘?*

O

Q

1Wyo

Q

Arizona

o)
O

Arizona ||

New Mexic

ql

Corlrelation

030 040 050 060 0.70

0.80 10 20 30

FIGURE 6

Dlu ration

40 50

qulian da

>60 190 200 210 220 230 240 250

(a) The peak Pearson's correlation coefficients for the optimal daily precipitation response intervals are mapped for the

46 LWa chronologies correlated with summer moisture. (b) The duration (in days) of the optimal period of moisture response. (c) The
withdrawal dates, or the ending Julian day of the optimal period of moisture response. Note the high correlations between latewood growth
and precipitation across the southwestern United States at timescales of approximately 1 month (a) [Colour figure can be viewed at

wileyonlinelibrary.com]
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4.2 | Peak correlation, duration, and
withdrawal

The peak correlations for the 46 LWa chronologies range
from 0.39 to 0.81 (mean r =.62; Table 1; Figure 6a).
When the duration of the optimal daily precipitation
intervals is identified for each chronology, values range
from 10-62 days with an average of 28.78 days from July
6 to August 3 across the network (Table 1; Figure 6b).
Sites with a longer duration (i.e., greater than 45 days)
are located primarily in western New Mexico and north-
central Arizona. The tree growth response to moisture is
largely at sub-monthly timescales in northern New Mex-
ico and Colorado (Figure 6b). Over southeastern Arizona
the duration of the optimal response has the highest vari-
ability, ranging from 10 to 59 days. The average duration
for the Douglas-fir and ponderosa pine LWa chronologies
are similar across the southwestern United States,

(a) PC1 (25.33%)

of Climatology

averaging 29.6 and 28.0 days, respectively. The with-
drawal date, defined as the ending Julian day of the opti-
mal period of moisture response, resembles the spatial
pattern of duration and the earliest dates of withdrawal
which occur in late July are estimated for the chronolo-
gies in southeastern Arizona (Figure 6b,c).

4.3 | PCA of early summer precipitation
and LW width

The first PC calculated for the 46 LWa chronologies from
1838-1991 represents 25.33% of the variance in the corre-
lation matrix and represents a region-wide pattern of sim-
ilar tree growth anomalies across the southwestern
United States (Figure 7a), with the highest loadings in
the southern portion of the study area. The loadings on
PC1 of the tree-ring chronologies resemble the spatial

LWa chronologies
(b) PC2 (11.21%)
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pattern of the first PC of July 6 to August 3 precipitation
based on the period 1948-2019, which accounts for
27.27% of the instrumental rainfall variance (Figure 7c).
The second most important mode of LWa variability is a
spatial pattern that discriminates southern Arizona and
New Mexico from northern New Mexico and eastern Col-
orado (Figure 7b), which is similar to the loadings on
PC3 for the instrumental July 6 to August 3 precipitation
totals (Figure 7d). When PCA is computed on the instru-
mental July 6 to August 3 precipitation totals for the
common period of 1948-1991, the spatial loading pat-
terns of PC2 and PC3 are similar to the patterns com-
puted for PC1 and PC2 of the tree-ring chronologies.
Similar loading patterns are also computed for the tree-
ring data when PCA is ran for the period 1948-1991 (not
shown). The eigenvector amplitude time series of PC1
from the LWa chronologies is significantly correlated
with the PC1 time series of instrumental July 6 to
August 3 precipitation (r =.66) and reproduces most
major wet and dry years of early summer rains over the
southwestern United States (Figure 8a). The correlation
between the PC2 time series from the tree-ring data and
PC3 from July 6 to August 3 precipitation is weaker
(r =.42; 1948-1991), but the correlation increases to
r =.55 when the first 10 years of data are omitted
(Figure 8b).

The first PCs from the tree-ring and July 6 to August
3 precipitation data were correlated with the 500mb
height field and integrated precipitable water and were
regressed on 850mb wind vectors for the common period
1948-1991 (Figure 9). Both tree-ring and instrumental PC
time series share a negative correlation with the 500mb
height field extending from the eastern Pacific into the
southern United States with the most significant correla-
tions centred over northwestern Mexico (Figure 9a,b).
Regression coefficients of 850mb winds indicate a region
of enhanced cyclonic circulation over the southwestern
United States and northern Mexico, consistent with
southwesterly moisture advection from the Pacific and
Gulf of California. Positive correlations with integrated
precipitable water are present over much of the interior
western United States and northern Mexico and extend
westward into the eastern Pacific (Figure 9c,d).

44 | Early summer precipitation and
LW tree growth correlation with
antecedent cool season moisture

The preceding results indicate that LWa chronologies
from the southwestern United States are most highly
correlated with precipitation during an approximate

(a) PC1 of tree-ring data vs. PC1 of July 6 - August 3 precipitation
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(a) The first PC from the LWa chronologies and (b) the first PC from instrumental July 6 to August 3 precipitation for the

southwestern United States were correlated with the July 500mb geopotential height and used in a regression with 850mb winds from 1948-
1991. Note the negative correlation with 500mb heights and anomalous cyclonic circulation at the lower levels of the atmosphere over
northwestern Mexico and the southwestern United States. (c) The first PC from the LWa chronologies and (d) the first PC from instrumental
July 6 to August 3 precipitation were correlated with July integrated precipitable water. White stipples indicate areas of significant (p <.05)
correlation. Note the positive correlations that extend across much of the eastern Pacific and into western North America. The similar spatial
correlation and regression patterns observed for the tree-ring and instrumental PCs suggest that LWa chronologies from the southwestern
United States may be useful proxies for the largescale atmospheric circulation anomalies responsible for the leading mode of early summer

precipitation variability [Colour figure can be viewed at wileyonlinelibrary.com]|

four-week interval in early summer, which for the aver-
age of the 46 chronologies extends 29-days from July
6 to August 3. Projections of precipitation during this
initial ‘month’ of the summer wet season indicate
slight declines over the coming decades (Cook and
Seager, 2013), but the regional average of July 6 to
August 3 precipitation totals for the study area does
not exhibit significant trend from 1948-2019
(Figure 10a; also, no trend is detected for July precipi-
tation totals from 1891 to 2016). However, above aver-
age July 6 to August 3 normalized precipitation was
observed in the instrumental data during the 1950s and
early 21st century droughts, two of the most severe and
sustained cool-season droughts over the area since
1948 (Figure 10a). This includes 1950, 1953, 1955, and
2006-2015 (Figure 10a), and may be relevant to
hypothesized dynamics linking cool season moisture
and summer rains over the southwestern United
States.

Anomalies in the onset and intensity of the summer
wet season over the southwestern United States have

been linked to snow cover and precipitation during the
preceding cool season (Gutzler and Preston, 1997;
Gutzler, 2000; Higgins and Shi, 2000; Lo and Clark, 2002),
and this weak negative correlation is also detected in
comparisons of instrumental and proxy precipitation data
for the study area (e.g., Stahle et al., 2009; Griffin
et al., 2013). December-April precipitation totals over the
study area are anti-correlated with July 6 to August
3 totals in the instrumental data at r = —.24 (p <.05) from
1948-2019. This relationship is asymmetric and appears
to primarily reflect the tendency for dry conditions in
early summer to follow wet extremes in winter and
spring (Figure 10a). Student's #-test comparing the 10 wet-
test December-April totals from 1948-2019 with precipi-
tation during the early summer at each grid point in the
study area indicates that the July 6 to August 3 precipita-
tion totals are significantly below average (p <.05) across
much of the southwestern United States following wet
winters (Figure 10b). However, the 10 driest December—
April totals do not coincide with unusually wet condi-
tions in early summer (Figure 10c).
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Cool vs. early summer precipitation over the southwestern U.S.
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between the instrumental and tree-ring
reconstructed data, which exhibit
strong multi-decadal variability and
episodes of both significant positive and
negative correlations [Colour figure can
be viewed at wileyonlinelibrary.com]

Twenty-five year running correlations from 1891-2016
between instrumental December-April and July precipita-
tion indicate that the anti-correlation is mainly present in
the latter half of the instrumental record, and in fact there
were short episodes of significant positive correlation dur-
ing the early 20th century (Figure 10d). The PC1 time
series of LWa, a proxy for early summer season precipita-
tion (July 6 to August 3), was also correlated with a
regional average of tree-ring reconstructed December—
April total precipitation from the North American Sea-
sonal Precipitation Atlas (NASPA; Stahle et al., 2020). The
regional average of the cool season reconstructions is not
correlated with PC1 over the full common period from
1838-1991, but there are multi-decadal episodes of

significant positive and negative correlations based on
25-year running correlations. The correlation with the cool
season reconstruction is as low as r = —.49 from 1963 to
1987 and as high as r = +0.42 from 1892-1916. The signifi-
cant negative correlation from 1871-1895 (r = —.44;
Figure 10d) based on the tree-ring data is primarily the
result of above-normal reconstructed cool season precipita-
tion coinciding with negative PC1 values (not shown),
which is similar to the asymmetry identified between
instrumental cool season and July 6 to August 3 precipita-
tion totals from 1948-2019 (Figures 10a—c).

The low-frequency changes in inter-seasonal correla-
tion computed for the tree-ring data are similar to the
changes computed for the instrumental data during the
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20th century (Figure 10d). These results suggest that the
weak relationship between early summer precipitation
and antecedent cool season moisture has been both
asymmetrical and subject to multi-decadal changes. If
real, this asymmetry and multi-decadal variability might
provide some insight into the onset and intensity of early
summer moisture over the southwestern United States.

5 | DISCUSSION AND
CONCLUSIONS

In this study, we used instrumental daily precipitation
data to identify the Julian date of summer precipitation
onset for locations across the southwestern United States.
A network of tree-ring chronologies was then used to
determine the optimal timing and duration of the LW
width response to summer precipitation. Based on seg-
mented regression analyses of instrumental daily precipi-
tation, the average onset date of the local summer wet
season becomes progressively later in summer from south
to north across the southwestern United States, with the
earliest onset dates in late June over far west Texas and
southern New Mexico. Further northward in eastern Col-
orado, average onset dates are approximately 2-3 weeks
later in mid-July. This poleward lag in onset dates is in
line with previous studies of monsoon onset over North
America (Higgins et al., 1997; Ellis et al., 2004; Liebmann
et al., 2008). The average Julian day onset of the optimal
correlation between the 46 LWa chronologies and sum-
mer precipitation parallels the poleward progression of
onset measured in the instrumental data. This suggests
an important bioclimatic coupling between LW forma-
tion and the local climatology of early summer rains. It
might therefore be possible to use this tree growth and
climate coupling to reconstruct the local onset of early
summer precipitation across the NAMS region using the
extensive network of LW width chronologies from Mex-
ico (Villanueva-Diaz et al., 2017) and the southwestern
United States.

The LWa chronologies respond to the amount of early
summer precipitation across the southwestern United
States. The strongest summer precipitation correlations
with LWa width are calculated for an average of approxi-
mately 1-month during early summer following the onset
of the local summer wet season (mean = 28.78 days from
July 6 to August 3). These optimal correlations with early
summer precipitation totals range from just 10 to 62 days
for the subset of 46 summer sensitive LWa chronologies
of Douglas-fir and ponderosa pine, with the correlations
ranging from 0.39 to 0.81 (mean r = .62). The shortest
intervals of daily precipitation response after onset were
generally detected in Douglas-fir (i.e., 14 of the

21 chronologies with an optimal duration less than
20 days were Douglas-fir; Table 1). Douglas-fir LWa chro-
nologies from southern Arizona have some of the highest
correlations with summer moisture in the entire network,
but Douglas-fir chronologies from the Colorado Plateau
region are often not well correlated with summer precipi-
tation. Instead, Colorado Plateau Douglas-fir tend to be
best correlated precipitation prior to the local onset of the
monsoon season. Griffin et al. (2013) found similar
results based on PCA of LW width chronologies from the
southwestern United States.

The 46 summer sensitive LWa chronologies analysed
in this study reproduce the leading mode of early sum-
mer precipitation variability documented in the instru-
mental observations over the southwestern United States,
which is a region wide pattern of precipitation and tree
growth covariability that extends from southeastern Ari-
zona northeastward to eastern Colorado (Figure 7a). The
leading modes of tree growth and early summer precipi-
tation variability are both negatively correlated with
500mb heights over the southwestern United States and
northern Mexico, indicating that a mid-level trough was
often present during years of abundant early summer
moisture and positive tree growth anomalies. A trough at
the 500mb level would favour enhanced counterclock-
wise air flow at 850mb leading to advection of atmo-
spheric moisture from the Gulf of California that also
results in an increase in precipitable water over northern
Mexico and the study region. These atmospheric circula-
tion observations for above average precipitation and
abundant LW growth conditions in July are consistent
with the findings of Higgins et al. (1997) for the full mon-
soon season (June-September). The PC1 time series of
LWa growth may therefore represent a useful proxy for
reconstructing region-wide wet and dry anomalies and
the major synoptic controls on these regimes during the
initiation phase of the NAMS over the southwestern
United States.

Western North American cool season precipitation
and snow cover may play a role in monsoon extent and
intensity through land-surface feedbacks and ocean-
atmospheric teleconnections (Gutzler, 2000; Ellis and
Hawkins, 2001; Lo and Clark, 2002), which could have
skill in forecasting summer monsoon rains (Hawkins and
Ellis, 2002). Our preliminary results based on tree-ring
and instrumental precipitation data indicate that early
summer rains and LW tree growth are both modestly but
negatively correlated with cool season precipitation since
the mid-20th century, similar to the findings of Griffin
et al. (2013). Episodes of anti-correlation in the modern
and pre-instrumental records tend to be asymmetric and
largely driven by wet cool seasons that are followed by
dry early summers. Above-normal precipitation and
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snow cover in winter and spring may have a greater
impact on summer monsoon rains because abundant soil
moisture can weaken the land-ocean thermal gradient
necessary for strong monsoon circulation (Lo and
Clark, 2002). However, the negative correlation between
cool and early warm season precipitation is subject to
major changes on multidecadal time scales in both the
instrumental record, and in comparisons between tree-
ring reconstructed cool season precipitation and LW
growth since the early 19th century (see also Griffin
et al., 2013). In fact, decadal episodes of significant posi-
tive correlations are identified in the tree-ring data
(Figure 10d).

Gutzler (2000) noted that the relationship between
spring snowpack and monsoon rains has been unstable
in the modern era and possibly modulated by different
combinations of tropical and extratropical Pacific sea-
surface temperature (SST) patterns and atmospheric cir-
culation anomalies over the North Pacific (Higgins and
Shi, 2000; Mo and Paegle, 2000). Mo and Paegle (2000)
found that years of anti-phasing between winter precipi-
tation and monsoon rains over the southwestern United
States are linked with a mode of seasonal SST variability
that includes El Nifio-like conditions in the tropical
Pacific during the cool season and positive SST anomalies
over the eastern Pacific in summer. This mode of sea-
sonal SST variability promotes wetter conditions during
winter, but summers tend to be drier because the south-
western United States is located under a descending
branch of the Hadley Circulation (Higgins et al., 1998;
Mo and Paegle, 2000).

Contrary to the anti-phasing, there have been a num-
ber of examples when wet cool season conditions per-
sisted into early summer, and even more cases of a dry
cool season followed by a dry early summer, especially
prior to 1948. Some years of seasonal persistence are
linked with a mode of North Pacific SST variability that
tends to persist from winter to summer, but this mode is
also subject to strong decadal variability in the instru-
mental record (Mo and Paegle, 2000). This multidecadal
variability of interseasonal correlation may therefore
arise from both stochastic and identifiable ocean-
atmospheric processes. The long-term variability of cool
and early summer precipitation over the southwestern
United States can now be investigated for the past several
centuries using gridded reconstructions of winter-spring
precipitation (e.g., Stahle et al., 2020) and LWa proxies of
early summer moisture. Extension of these analyses into
Mexico could provide a long-term perspective on the
inter-annual to decadal variability of the NAMS and its
relationship to antecedent cool season conditions and
large-scale climate dynamics (e.g., Higgins et al., 1997;
Stahle et al., 2016).
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