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Abstract 12 

The annual cycle of precipitation in the southwestern United States is characterized by a bimodal 13 

distribution. El Niño-Southern Oscillation (ENSO) episodes influence cool-season precipitation, 14 

while the North American Monsoon (NAM) brings warm-season rainfall to the region. Because the 15 

covariability of the two seasons may result in both wet and dry water-year anomalies, we evaluated 16 

the long-term contribution of cool and warm-season precipitation to water-year totals using newly 17 

collected and/or updated tree-ring chronologies. Precipitation reconstructions back to the late 17th 18 

century, from 1663 to 2015, were produced using a total of 183 stem increment cores collected from 19 

seven ponderosa pine (Pinus ponderosa) stands located along the southern edge of the Colorado 20 

Plateau in Arizona and New Mexico. Latewood chronologies were most correlated with July-21 

August rainfall brought by the North American Monsoon, while earlywood chronologies were 22 

related to November-February precipitation, also matching the time-series variability of the 23 

Southern Oscillation Index. Total ring-width chronologies reflected water-year precipitation, and 24 
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were used to account for precipitation falling outside of either the cool or the warm season. While 25 

seasonal variability of precipitation was the main driver of regional climatic extremes, the amount 26 

of precipitation falling outside the cool and warm seasons did not play a consistent role in 27 

determining frequency and severity of droughts and pluvials. This study highlights how intra-annual 28 

paleoclimatic reconstructions help with understanding the contribution of seasonal climate to wet 29 

and dry episodes influenced by large-scale climatic modes. 30 

 31 
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1. Introduction 35 

 The annual cycle of precipitation in the southwestern United States is characterized by a 36 

bimodal pattern, with one peak in winter and another in summer (Garfin et al., 2013; Sheppard et 37 

al., 2002). Winter precipitation is influenced by quasi-periodic fluctuations of sea level pressure and 38 

sea surface temperature in the equatorial Pacific known as the El Niño - Southern Oscillation 39 

(ENSO; Timmermann et al., 2018). ENSO affects the position and strength of the Pacific jet stream, 40 

which controls the strength and timing of storm tracks over North America (Dettinger et al., 1998; 41 

McPhaden, 2002). Summer precipitation, on the other hand, is primarily tied to the North American 42 

Monsoon (NAM; Adams and Comrie, 1997), a seasonal wind reversal wherein the temperature 43 

gradient between the North American landmass and the low latitude oceans to the south inverts, 44 

drawing in moisture from the Gulfs of California and Mexico as well as the Pacific Ocean (Vera et 45 

al., 2006). Due to the complex topography of the Southwest and to forcings related to the nuanced 46 

interaction between mid-latitude and subtropical atmospheric and oceanic regimes, the strength and 47 

timing of the NAM fluctuates greatly (Ciancarelli et al., 2014; Turrent and Cavazos, 2009). 48 

Assessing the contribution of this bimodal precipitation pattern to the annual totals is crucial to 49 

understand future climate impacts on water resources in the Southwest, as the covariability of cool 50 

and warm season precipitation is a primary driver of droughts and pluvials on multiple time scales 51 

(Griffin et al., 2013; Sheppard et al., 2002; Stahle et al., 2009). 52 

The southern edge of the Colorado Plateau along the border of Arizona and New Mexico 53 

usually marks the northern extension of the NAM (Adams and Comrie, 1997; Gochis et al., 2009). 54 

In contrast to the low-lying deserts to the south, the orographic lift of maritime moisture along this 55 

geographic feature results in earlier and greater precipitation during NAM events. Thus, the 56 

hydroclimate of this region is more sensitive to the timing of monsoon onset and magnitude 57 

(Higgins and Shi, 2000). This region is also part of the western U.S. winter precipitation dipole 58 



p. 4 

associated with ENSO, with El Niño (La Niña) episodes increasing the frequency and intensity of 59 

anomalously wet and cool (dry and warm) conditions (Brown and Comrie, 2004; McPhaden, 2002). 60 

The other end of the winter dipole is the Pacific Northwest, where climate anomalies of opposite 61 

sign are linked to the ENSO episodes (Dettinger et al., 1998; Gershunov and Barnett, 1998).  62 

Annual climate in the western US, and particularly surface water supply, is often 63 

characterized using the “water year”, which starts on October 1st of the previous calendar year and 64 

ends on September 30th of the current year (Redmond and Koch, 1991). The bimodal seasonal 65 

precipitation pattern plays a role in determining annual wet and dry spells in the Southwest, such as 66 

the 1980s and 1990s pluvials that resulted in several lost lives and hundreds of millions of dollars in 67 

property damage (O’Connor and Costa, 2003). At the regional level, ENSO-driven cool season 68 

precipitation is generally considered the main contributor to water-year precipitation, and increasing 69 

interannual variability has been observed after the 1970s, resulting in synchronous highs and low in 70 

western US water resources (Jain et al., 2005). Warm-season monsoonal precipitation can account 71 

for as much as the cool-season precipitation if not more, especially in Arizona and New Mexico 72 

(Sheppard et al., 2002), but is mostly local and responsible for intense short episodes that can lead 73 

to flashfloods (Hamlet and Lettenmaier, 2007). The co-variability of winter and summer 74 

precipitation can mitigate or enhance the severity of droughts in the Southwest (Seager et al., 2005). 75 

For instance, the 1950s and 2000s droughts were characterized by a decrease in both winter and 76 

summer precipitation (Weiss et al., 2009). Since the turn of the 21st century, the combination of 77 

rising temperatures, drought, and population increase has placed even greater demands on an 78 

already stressed water supply (MacDonald, 2010).  79 

Information on long-term climate dynamics is typically obtained by extending instrumental 80 

records using proxy records (Bradley, 2014), such as tree-ring chronologies (Hughes et al., 2011). 81 

Dendroclimatic research in the Southwest has a long and productive history focused on past 82 
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variability of cool-season precipitation using total ring-width series (Fritts, 1976; Woodhouse et al., 83 

2010). The introduction of earlywood and latewood width as climatic proxies (Torbenson et al., 84 

2016) has allowed uncovering past changes in seasonal patterns such as the bimodal precipitation 85 

typical of this region (Griffin et al., 2013). Past research efforts have indicated how the early-to-86 

late-wood boundary should be demarcated (Griffin et al., 2011), and how to mitigate the 87 

autocorrelation between early- and late-season radial growth (Meko and Baisan, 2001). While 88 

earlywood and latewood chronologies derived from moisture-sensitive species in Arizona and New 89 

Mexico have been used for reconstructing both monsoonal and cool-season precipitation (Faulstich 90 

et al., 2013; Griffin et al., 2013), cool-season precipitation variability has also been derived from 91 

earlywood chronologies further south, in northern Mexico (Cleaveland et al., 2003) and Baja 92 

California (Meko et al., 2013). These studies may provide a useful baseline for understanding the 93 

strength, spatio-temporal variation, and geographical distribution of climatic modes that affect 94 

winter precipitation as well as monsoonal events.  95 

Seasonal reconstructions have the potential to uncover variable interactions in the phasing of 96 

the two modes of precipitation characterizing the southwestern US and how they collectively shape 97 

wet and dry periods at multiple timescales well beyond the length of the instrumental record (Stahle 98 

et al., 2009; Woodhouse et al., 2013). Since the temporal scale of analysis may substantially alter 99 

the identification and significance of wet and dry episodes (Kangas and Brown, 2007), a rigorous 100 

quantitative framework is required, especially for paleorecords (Biondi and Meko, 2019). Relatively 101 

little attention has been given to the long-term variability of precipitation falling outside of the cool 102 

and warm seasons, especially in relation to extended droughts and pluvials. Similarly, covariability 103 

in  cool- and warm-season precipitation is not yet fully understood (Hamlet and Lettenmaier, 2007). 104 

And finally, there is the possibility that variability in winter precipitation might affect the intensity 105 

of the following summer monsoon, generating so-called “opposite-sign” seasonal anomalies, which 106 
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have been reported for the southwestern US both in instrumental (Gutzler, 2000; Lo and Clark, 107 

2002; Notaro and Zarrin, 2011) and proxy (Griffin et al., 2013) climate records.  108 

In this study our main objectives were: 1) to reconstruct precipitation anomalies over a few 109 

centuries prior to the instrumental record; 2) to analyze the contribution of reconstructed cool- and 110 

warm-season precipitation to the frequency and magnitude of water-year dry and wet episodes; and 111 

3) to quantify, in instrumental as well as reconstructed records, the relationship between cool- and 112 

warm-season precipitation, as well as precipitation falling outside of those two seasons, with water-113 

year anomalies. We used ring-width, earlywood, and latewood chronologies to produce multi-114 

century records from climate-sensitive areas, and we compared the covariability of seasonal and 115 

water-year reconstructions with regional climatic patterns (i.e. ENSO and NAM) over the past few 116 

centuries. 117 

 118 

2. Materials and Methods 119 

2.1.Study area 120 

 Field data collection took place in 2016 at seven ponderosa pine (Pinus ponderosa Douglas 121 

ex. C. Lawson; abbreviated PIPO) sites located within the southern escarpment of the Colorado 122 

Plateau, along the Arizona-New Mexico border (Fig. 1a and Table 1). Sites ranged in elevation 123 

from 2245 to 2870 m a.s.l., and forest cover at each site was generally characterized by a dominance 124 

of mature, open-canopy ponderosa pines. Understory vegetation was absent or scarce at all sites and 125 

comprised mainly of grasses and shrubs. Sites were selected on predominantly steep and rocky 126 

terrains with thin soils, making the sites suitable for dendroclimatic analysis (Fritts, 1976).  127 

The study region is classified as cold, arid steppe according to the Köppen climate 128 

classification system (Kottek et al., 2006). However individual sites fall into the continental 129 

microthermal classification (Dsb and Dfb) illustrating the variability of temperature and 130 
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precipitation in this topographically complex region (Peel et al., 2007). The majority of 131 

precipitation in this region is brought by the NAM and falls during the warm July-September 132 

period, with a significant additional pulse in the cool December-March season (Fig. 1b). Site 133 

selection was initially based on climatic and topographic characteristics, as well as an analysis of 134 

existing chronologies in the International Tree-Ring Data Bank (ITRDB; Grissino-Mayer and Fritts, 135 

1997) performed using the Dendrobox tool (Zang, 2015). All selected sites showed the presence of 136 

a significant winter precipitation signal, despite falling within the core region of the North 137 

American Monsoon. 138 

 139 

2.2.Climate data 140 

 Monthly temperature and precipitation values were obtained from the PRISM (Parameter-141 

elevation Relationships on Independent Slopes Model) 4-km gridded dataset (Daly et al., 2008). 142 

Due to the limited number of weather stations used to produce precipitation values prior to 1950, we 143 

focused on the 1950-2015 period to calibrate our dendroclimatic reconstructions. Grid cells were 144 

selected for each site based on the average latitudinal and longitudinal coordinates of sampled trees. 145 

Precipitation was also averaged by month across all sites to produce regional precipitation time 146 

series of water-year (previous October – current September), cool-season (previous November – 147 

current February), and warm-season precipitation (July – August). We defined as ‘extra 148 

precipitation’ the total amount of precipitation falling within the water-year but outside the cool- 149 

and warm-season, hence it was given by the sum of previous October, current March to current 150 

June, and current September precipitation. We identified anomalous precipitation events as any 151 

value (seasonal or water year) exceeding one standard deviation from the long-term mean 152 

(“moderate anomalies”); “extreme anomalies” were those exceeding two standard deviations. 153 

In order to investigate ENSO teleconnections with cool-season precipitation, we utilized 154 
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time series of the Southern Oscillation Index (SOI). The best known instrumental SOI index is 155 

derived from sea-level atmospheric pressure measurements at Darwin (Australia) and at Tahiti, and 156 

it is the longest running measure of ENSO (Ropelewski and Jones, 1987). We truncated the SOI 157 

time series to 1935 because data quality degrades prior to that year (Ropelewski and Halpert, 1986). 158 

A tree-ring based SOI reconstruction, focusing on the months December–February and covering the 159 

years 1706-1977 (Stahle et al., 1998), was obtained for analysis of ENSO influences on cool-season 160 

precipitation prior to the instrumental period. Our warm-season precipitation reconstruction was 161 

also compared with existing instrumental (Ciancarelli et al., 2014; Kim, 2002) and paleoclimatic 162 

records (Faulstich et al., 2013; Griffin et al., 2013) quantifying interannual variability of the NAM. 163 

 164 

2.3.Tree-ring chronology development 165 

 In the spring of 2016, a total of 183 wood increment cores were collected from ponderosa 166 

pines at the study sites. Sampled trees were generally large, with stem diameter at the core location 167 

ranging between 44 and 89 cm, without significant differences between sites (Table 1). Increment 168 

cores were taken with a 4-mm increment borer at breast height (~1.3 m from the ground) parallel to 169 

topographic contour lines to avoid the wide compression-wood rings produced on the downhill side 170 

of gymnosperms growing on steep slopes (Speer, 2010). Increment cores were then transported to 171 

the laboratory where they were glued into grooved mounts with wood tracheids oriented vertically. 172 

Mounted cores were sanded with progressively finer sandpaper, and hand polished until individual 173 

cells were visible under 10-50x magnification for cross-dating purposes.  174 

Cross-dating (Stokes and Smiley, 1996) was performed by visually analyzing tree-ring 175 

patterns with the aid of a binocular stereomicroscope. Cross-dated increment cores were measured 176 

on a Velmex sliding-scale micrometer table interfaced with a video camera using the Measure J2X 177 

software (VoorTech Consulting, 2014). Measured parameters included total ring width (TW), 178 
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earlywood width (EW) and latewood width (LW). The EW/LW boundary was visually identified 179 

according to the “MB2001” criterion (Griffin et al., 2011), which includes the first latewood band in 180 

the earlywood measurement (Fig. S1). Dating accuracy was quality controlled using the COFECHA 181 

software with default settings (Grissino-Mayer, 2001; Holmes, 1983). Of the 183 cores originally 182 

sampled, a total of 35 could not be cross-dated because of severe growth suppression, multiple 183 

locally absent rings of uncertain date, scar tissues and/or rot. 184 

 Raw measurements were standardized by fitting a 100-year cubic smoothing spline (Cook 185 

and Peters, 1981) to the TW and EW measurement series, and dimensionless indices were 186 

computed by year as ratios between the original measurement and the spline value. The indices 187 

were then prewhitened to remove timeseries autocorrelation. Prewhitened indices were combined 188 

by site using a bi-weight robust mean to limit the effect of outliers, producing a standardized 189 

chronology for each site. Five of the seven sites in our study had been sampled by other 190 

investigators between 1967 and 1987, and total ring-width measurements were publicly available 191 

from the ITRDB. However, in order to preserve a similar sample size between total ring width and 192 

earlywood/latewood chronologies, ITRDB data were not used in our analysis except for verifying 193 

crossdating accuracy of our newly developed series. Latewood width is often correlated with the 194 

antecedent earlywood width in conifers from water-limited environments, but the correlation can 195 

vary significantly among trees within a site (Griffin et al., 2011). For this reason, an adjusted 196 

latewood index (LWa) was derived by fitting a linear regression between detrended LW and 197 

detrended EW from the same sample, as suggested by Meko and Baisan (2001). The residuals from 198 

this regression provided the LWa indices, which were combined into a site chronology as described 199 

above for TW and EW. 200 

Subsample signal strength (SSS; Buras, 2017) was used to evaluate the potential for climatic 201 

information contained in each site chronology using a threshold of 0.85. The 1663-2015 period was 202 
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selected according to the SSS cutoff determined from the LWa series, which was the chronology 203 

with the smallest agreement among samples, and therefore requiring the greatest number of cores to 204 

achieve the SSS threshold. The degree of synchronicity in tree growth patterns was evaluated using 205 

other commonly accepted, albeit empirical, parameters, such as the expressed population signal 206 

(EPS; Wigley et al., 1984). Sensitivity was estimated using the Gini coefficient, which considers all 207 

possible temporal lags in the tree-ring chronology rather than only the first one, as it is done with 208 

mean sensitivity (Biondi and Qeadan, 2008). Finally, a regional chronology for each parameter (i.e. 209 

TW, EW, and LWa) was obtained by taking the median yearly value of the seven site chronologies. 210 

Numerical processing was performed using task-specific software (Bunn et al., 2014). 211 

   212 

2.4.Dendroclimatic analysis 213 

 Dendroclimatic analyses were conducted using the package treeclim (Zang and Biondi, 214 

2015) for the R software environment (R Core Team, 2015). TW, EW, and LWa chronologies were 215 

compared with monthly precipitation from previous-year June to current-year September. To test 216 

the temporal stability of dendroclimatic relationships, time-dependent changes in statistical 217 

relationships were evaluated using 35-year moving windows starting in 1950, advancing one year at 218 

a time, and ending in 2015. Skill of the ring-width parameters for reconstructing past precipitation 219 

was evaluated by using ordinary least squares regression for the months showing stable and 220 

significant correlations. The 1950-2015 period was used for split calibration-verification analysis 221 

using the reduction of error (RE), the coefficient of efficiency (CE), the root mean squared error 222 

(RMSE), and the Durbin–Watson test to assess performance (Hughes et al., 2011). Precipitation 223 

reconstructions were generated using a simple linear regression model, and a 10-year cubic 224 

smoothing spline was fit to the annually reconstructed values in order to highlight low frequency 225 

variation through time. 226 
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 Water-year and seasonal reconstructions of precipitation were used to quantify frequency 227 

and characteristics of droughts (i.e. moderate and extreme negative anomalies) and pluvials (i.e. 228 

moderate and extreme positive anomalies). For each time series, when thresholds for moderate or 229 

extreme anomalies were exceeded for several consecutive years, we then applied episode analysis 230 

(Biondi et al., 2005; Salas, 1992; Salas et al., 1980). An episode can be characterized by its length 231 

(or duration), magnitude (or run-sum), intensity, and peak. Length (L) is the number of time steps 232 

continuously above or below the threshold. Magnitude (M) is the sum of departures for a given 233 

episode duration. Intensity (I = M / L) is the average annual departure, or mean annual magnitude. 234 

Peak is the maximum absolute departure for a given episode. Analysis of episode parameters allows 235 

an objective identification of the “strongest, “greatest”, or “most remarkable” periods, and although 236 

this approach is normally used for drought analysis, it can be applied to any cumulated deviations 237 

(Biondi et al., 2008) 238 

 239 

3. Results 240 

3.1.Dendroclimatic analysis 241 

 According to PRISM data for the 1950-2015 instrumental period, regional annual mean air 242 

temperature was 8.0 °C, ranging from 6.8 to 10.3 °C. January and July were the coldest and the 243 

warmest months at all sites, with average regional temperature of -0.6 °C and 17.7 °C respectively 244 

(Fig. 1b). Total annual precipitation across the sampled sites was 559 mm, of which 29% falling 245 

during the cool season, and 35% in the warm season. The April – June interval, i.e. roughly the 246 

spring season, was the driest time of the year, with only 10% of total annual precipitation on 247 

average. While annual and water-year precipitation were similar in terms of mean values, inter-248 

annual variability led to differences in the seasonal distribution of precipitation. Over the period 249 

1951-2015, the relative contribution of cool- and warm-season precipitation to water-year 250 
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precipitation showed a negative relationship (r  = -0.67; p-value < 0.001). Extra precipitation, which 251 

was on average 36% of the water year total, reached the highest proportions in 1958 and 1975 252 

(58%), while it was at its minimum in 1968 (18%). 253 

Sampled trees were generally large, with stem diameter at the core location ranging between 254 

44 and 89 cm, without significant differences between sites (Table 1). Based on crossdated cores 255 

over the period 1563-2015, maximum tree age varied by site between 175 and 453 years (Table 1). 256 

Mean segment length (MSL) for all measured cores was 222 years, therefore allowing for accurate 257 

reconstruction of interdecadal climate signals (Cook et al., 1995). Locally absent rings were 1.5% of 258 

all measurements, ranging by site from 0.6% to 2.3% (Table 1). Mean ring-width was higher at sites 259 

with relatively younger trees: Rose Peak (1.85 mm yr-1, MSL of 126 years) and Rainy Mesa (1.38 260 

mm yr-1, MSL of 162 years). Average annual growth > 1 mm yr-1 took also place at two sites with 261 

older trees, i.e. Black River (1.34 mm yr-1, MSL of 233 years) and Luna (1.30 mm yr-1, MSL of 216 262 

years), but dropped below 1 mm yr-1 where trees had the greatest longevity: Beaver Creek (0.98 mm 263 

yr-1, MSL of 295 years), Negrito (0.96 mm yr-1, MSL of 253 years), and Knight Gap (0.81 mm yr-1, 264 

MSL of 267 years). EPS values exceeded 0.90 for all sites, and inter-series correlation ranged from 265 

0.43 to 0.66, thereby satisfying typical requirements for tree-ring chronologies (Wigley et al., 1984). 266 

The TW and EW response function analysis revealed statistically significant (Fig. S2a,b) 267 

and temporally stable (Fig. S2d,e) correlations with winter precipitation, especially previous-year 268 

November and December, throughout the entire 1950-2015 period. LWa showed a clear, stable, and 269 

statistically significant current-year July and August precipitation signal (Fig. S2c,f). It should be 270 

noted that monthly dendroclimatic analyses were initially performed using both precipitation and 271 

temperature together, but monthly temperature was not a significant predictor for our tree-ring 272 

chronologies. Cool-season (November-February), warm-season (July-August) and water-year 273 

(previous October-current September) precipitation were respectively correlated with EW, LWa, 274 
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and TW chronologies both for the regional composite as well for individual sites (Table 2). EW and 275 

TW performed similarly in relation to water-year precipitation, but EW presented a slightly better 276 

correlation than TW with cool-season precipitation. LWa was poorly correlated with water-year 277 

precipitation, with only two sites having significant correlations (Table 2). 278 

 279 

3.2.Precipitation reconstructions 280 

 Regional water-year, cool-season, and warm-season precipitation were reconstructed using 281 

respectively total ring, earlywood and adjusted latewood width. Linear regression models for 1950-282 

2015 explained 44% of variability in the water-year reconstruction, and 36% and 33% respectively 283 

in the cool- and warm-season ones (Fig. 2 and Table 3). The reduction of error (RE) and coefficient 284 

of efficiency (CE) statistics for the split-period calibration and validation analysis were generally 285 

positive, indicating that the reconstruction was more skillful than chance alone (North et al., 2006). 286 

The Durbin-Watson test for all models indicated no significant autocorrelation in the residuals 287 

during both calibration and validation periods. The root mean squared error (RMSE) showed 288 

relatively low values for reconstructions based on TW and EW, suggesting accurate estimates of 289 

water-year and cool-season precipitation. The reconstruction based on LWa showed higher RSME 290 

values, as well as one period with slightly negative CE, indicating less accurate estimates in both 291 

calibration and validation periods (Table 3). Low frequency variations of cool-season and water-292 

year precipitation were very similar throughout the 1895-2015 period (Fig. 2). The warm-season 293 

reconstruction showed slightly lower agreement with the full period of PRISM data compared to the 294 

other two reconstructions. However, it captured several abnormally wet warm seasons in the more 295 

reliable portion of the PRISM record that were likely associated with higher monsoonal 296 

precipitations in this region, such as 1984, 1990-1992, and 1999.  297 

Within the reconstructed period, the sum of average cool- (172 mm) and warm-season (190 298 
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mm) precipitation was 362 mm, while the average water-year total was 565 mm (Fig. S3). Cool-299 

season amounts were more variable than warm-season ones (standard deviation was 43 mm and 23 300 

mm respectively). The relative contribution of cool-season precipitation to the water year total 301 

exceeded one standard deviation from the long-term mean in 46 years during the 1663-2015 period. 302 

In those years, the relative contribution of warm-season precipitation to the water-year total usually 303 

(74% of times) exceeded one standard deviation too. 304 

The contribution of cool-season, warm-season, and extra precipitation to water-year totals in 305 

the reconstructed period was respectively 30 ± 5%, 34 ± 5%, and 37 ± 5%, similar to the 306 

instrumental period, and no significant trends were found in these seasonal contributions (Fig. 3a). 307 

A significant correlation between the cool- and warm-season % of the water-year total was 308 

observed in the reconstructed period (r = -0.74, p-value < 0.001; Fig. 3b). Extra precipitation was 309 

not well represented by the reconstruction, most likely because it was not directly linked to the 310 

proxy records. In the instrumental period (1950-2015), extra precipitation contributed more than 311 

half of the water year total in six years, but the reconstruction never matched this high level of 312 

contribution. On the other hand, years when extra precipitation accounted for more than 30% of the 313 

water year total were 44 in the instrumental record, and 63 in the reconstruction. The year 1958 was 314 

the only one in the instrumental or reconstructed record when both cool- and warm-season 315 

anomalies were of the opposite sign than the water-year anomaly (Fig. S3b), pointing to a large 316 

contribution of precipitation outside of those two seasons. 317 

The reconstructed water-year time series (1663-2015; Figs. 4 and S3) included 74 318 

anomalies, of which 40 were dry and 34 were wet spells (Fig. 5). The majority (78%) of these 319 

anomalies were single-year episodes. Extreme wet years (12% of total positive anomalies) were less 320 

common than extreme dry ones (38% of total negative anomalies). The average duration of pluvial 321 

episodes from 1663 to 2015 was 1.5 years, with the longest one (5 years) occurring in 1984-1988, in 322 
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general agreement with the instrumental data. Pooling together moderate and extreme anomalies, 323 

wet episodes occurred once every decade on average, but pluvials longer three years occurred once 324 

every 71 years. Dry episodes were slightly shorter (1.2 years average duration) and occurred 325 

roughly every decade as well (once every nine years on average), but droughts lasting for more than 326 

three years occurred once every 118 years. 327 

Cool-season precipitation was the main driver of water-year anomalies. Wet water-year 328 

episodes were associated with a cool-season wet anomaly 71% of times, while 24% of wet water 329 

years were caused by a wet anomaly in both cool- and warm-season precipitation. A dry cool-330 

season anomaly resulted in a dry water year 68% of the times, and 30% of dry water years were 331 

generated by dry cool and warm seasons. A dry warm season led to a negative water-year anomaly 332 

only in one case (1873). Only one water-year anomaly (1751) did not correspond to a seasonal 333 

precipitation anomaly, and was therefore considered an “extra” precipitation anomaly (Fig. 4). In 334 

the reconstructed period we observed 15 opposite-sign anomalies, i.e. an anomalously wet (dry) 335 

winter followed by an anomalously dry (wet) summer. Of these opposite-sign anomalies, seven did 336 

not result in water-year precipitation anomalies while the other eight generated water-year 337 

anomalies whose sign (i.e. positive/negative) always matched the cool-season anomaly. 338 

 Cool-season precipitation was significantly correlated with SOI (Fig. 6a), both during the 339 

instrumental period (r = -0.39; p-value < 0.001) and the Stahle et al. (1998) reconstruction (r = 0.41; 340 

p-value < 0.001). A total of 24 out of 32 (75%) years characterized by anomalously wet cool-season 341 

in the reconstructed period (1706-1977) occurred during a negative phase of the SOI. ENSO 342 

variability was even more important in determining droughts, as 34 out of 38 dry years (90%) 343 

occurred when the reconstructed SOI was positive (Fig. 6a). Low-frequency variability of 344 

reconstructed cool-season precipitation was consistent with both the reconstructed and instrumental 345 

SOI, except in the 1750-1830 period (Fig. 6b).  346 
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 Moving correlations between cool- and warm-season precipitation reconstructions showed a 347 

tendency to oscillate from positive to negative when going from one century to the next (Fig. S4). 348 

When reconstructions were smoothed with a 10-year cubic spline, moving correlations remained 349 

positive, albeit with varying strength, which reached a peak in the first half of the 1900s (a pluvial) 350 

and in the first half of the 1800s (a drought). 351 

 352 

4. Discussion 353 

4.1.Seasonal contributions to precipitation variability 354 

 Our total and intra-annual ring-width chronologies displayed statistically significant 355 

precipitation signals, allowing us to evaluate water-year precipitation by decomposing it into three 356 

components (cool- and warm-season as well as extra precipitation) and providing useful insights 357 

into the long-term patterns of both dry and wet spells. The inter-annual variability of the 358 

reconstructions was smaller than what has been observed in the instrumental records, as expected 359 

when using linear regression. Tree growth may not fully capture extreme variations, especially 360 

during wet years, therefore nonlinear models have been proposed to increase the inter-annual 361 

variability in dendroclimatic reconstructions (Ni et al., 2002). However, linear regression techniques 362 

reduce the risk of model overfit and still provide verifiable results, often showing slight differences 363 

from nonlinear approaches (Woodhouse, 1999). 364 

 Reconstruction of summer precipitation associated with the NAM captured several dry 365 

spells caused by monsoonal variability, such as the multi-year southwestern droughts of 1728-1730, 366 

1817-1819, and 1899-1900 (Faulstich et al., 2013). Other significant episodes, such as the 1660s 367 

“perfect drought” derived from simultaneously dry cool- and warm-seasons (Faulstich et al., 2013; 368 

Stahle et al., 2009), were recorded in our reconstructions as moderate anomalies. Some of these 369 

differences may be due to the lower accuracy of the summer reconstruction compared to the winter 370 
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one, especially in the 1950-1982 period (Table 3). Mean warm-season precipitation in this time 371 

interval was lower on average compared to the more recent period (1983-2015), and more so than 372 

either cool-season or water-year precipitation. July-August total precipitation was also less variable 373 

in 1967-1975, likely weakening the overall correlation between regional LWa indexes and warm 374 

season precipitation in 1950-1982. Yet, the periods 1937-1939 and 1960-1962 were characterized 375 

by low summer precipitation (Kim, 2002), and these monsoonal droughts were captured by our 376 

reconstruction (Figs. 4, 5, and S4). Considering the full 1663-2015 reconstruction, multi-year 377 

anomalously wet monsoons took place in 1715-1717, 1914-1915, ad 1982-1985, with the latter 378 

period being a pluvial also in the instrumental record (Higgins et al., 1999; Kim, 2002). 379 

Low-frequency reconstructed patterns highlighted wetter than average conditions in 1700-380 

1713, 1825-1837, 1905-1921, and 1977-1996 (Figs. 4 and 5). These pluvials were characterized by 381 

the concomitant occurrence of cool- and warm-season anomalies, which were ubiquitous 382 

throughout much of the Southwest (Cook et al., 2010). The years 1907 and 1908, characterized by 383 

above average precipitation during both the cool- and warm-season, were ranked as the first and 384 

third wettest water years respectively within the reconstructed period. The early 1900s pluvial is 385 

also well known as it preceded the negotiations for the 1922 Colorado River Compact, thereby 386 

leading to overly optimistic water allocations (Meko et al., 2012; Woodhouse et al., 2006). The wet 387 

episode of 1685-1700 was instead driven only by cool-season precipitation. Dry spells were more 388 

frequently characterized by a decrease in cool-season precipitation, such as in 1700-1713, 1727-389 

1740, 1880-1905, and 1943-1962, while only the dry periods of 1814-1825 and 1997-2007 showed 390 

a decrease in both cool- and warm-season precipitation. During the 18th century water-year dry 391 

episodes, warm season precipitation was showing opposite sign (i.e. above average) anomalies, 392 

which points to an even larger role of cool-season precipitation deficits for leading to below-393 

average water-year totals. 394 
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Cool-season precipitation varied almost twice as much from year to year than warm-season 395 

precipitation, as shown by the steep changes between the cool seasons of 1904 (53 mm) and 1905 396 

(203 mm; +283%), and from 1748 (93 mm) to 1749 (255 mm; +174%). Similar patterns were 397 

reported in other studies of long-term precipitation in the southwestern US (Ni et al., 2002; 398 

Swetnam and Betancourt, 1998). For monsoonal precipitation the highest year-to-year change was a 399 

+45.2% difference between 1721 (162 mm) and 1722 (236 mm). However, between 1663 and 1740, 400 

warm season precipitation fluctuated more than cool-season precipitation, then during the next 90 401 

years (1740-1830) extremely low variability was observed (Fig. 4). During the same periods, cool-402 

season precipitation was initially (1663-1740) in synchrony with ENSO (Fig. 6), but then diverged, 403 

as was particularly evident in the period 1800-1830 (Fig. 6). 404 

Our 353-year long reconstructions captured the main hydroclimatic spells identified by other 405 

paleoclimatic reconstructions developed for North America (Herweijer et al., 2007) and specifically 406 

for the western US (Seager et al., 2005), and also showed how the magnitude and duration of some 407 

of these episodes differed at the regional level. For instance, the droughts observed in New Mexico 408 

during approximately 1660-1670 and in the second half of the 18th century (Stahle et al., 2009), 409 

were recorded in our study area as well, but they appeared mostly as short, moderate anomalies. 410 

Discrepancies between the sum of cool- and warm-season precipitation and the water-year totals 411 

suggest that a portion of annual precipitation could potentially be unaccounted for in seasonal 412 

reconstruction analysis, in particular during wet periods. During dry events total water-year 413 

precipitation approaches the sum of the two seasons (Woodhouse et al., 2013). In our 414 

reconstructions, however, even if long term average contribution of extra seasonal precipitation was 415 

similar in the reconstructed and instrumental periods, the interannual variability could not be 416 

evaluated, since this parameter was not inferred from proxies but calculated as the difference 417 

between water-year and cumulative seasonal precipitation (Fig. S5). 418 
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 419 

4.2.Regional climate drivers 420 

 The inverse relationship between SOI and cool-season precipitation remained consistent 421 

throughout most of the reconstructed period. Cool-season precipitation was initially (1663-1740) in 422 

synchrony with ENSO, then the relationship with SOI weakened by the end of the 18th and the 423 

beginning of the 19th century, before becoming stronger again after 1830. Therefore, wet (dry) cool-424 

season anomalies primarily occurred during negative (positive) phases of the SOI, indicative of El 425 

Niño (La Niña) episodes. 426 

The ENSO phase is considered the primary cool-season precipitation teleconnection in the 427 

southwestern US (Dettinger et al., 1998; McPhaden, 2002), which is further influenced during the 428 

summer by more localized NAM dynamics (Ciancarelli et al., 2014). The covariability of cool-429 

season and SOI reconstructions suggested a synoptic scale context not just for the temporal 430 

distribution of anomalously wet water years (Stahle et al., 1998), but also with regard to fluctuations 431 

in the relative contribution of cool-season precipitation to water-year totals in the western mountain 432 

ranges (Huning and Margulis, 2017), even in regions characterized by discontinuous snow cover 433 

(Trujillo and Molotch, 2014). 434 

Warm-season precipitation brought by the NAM is in general characterized by high regional 435 

variability, driven by the effect of the topographically complex landscape of the southwestern US 436 

on convective movement of moisture-rich air masses (Adams and Souza, 2009). It has been 437 

suggested that the duration of winter snowpack might contribute to determine the onset and 438 

magnitude of the following summer monsoon by decreasing surface temperature and limiting the 439 

amount of energy needed for the formation of convective thunderstorms (Griffin et al., 2013). This 440 

would suggest an indirect linkage between ENSO-driven cool-season precipitation and summer 441 

rainfall (Higgins et al., 1999). We found no correlation between winter SOI and total warm-season 442 
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(i.e. July–August) precipitation, but we did find a significant positive correlation between previous 443 

November–current February SOI and the relative contribution of warm-season precipitation to the 444 

water-year total, both in the instrumental (r = 0.37; p < 0.01) and in the reconstructed period (r = 445 

0.33; p < 0.001). This would confirm, at least using relative rather than absolute amounts, that El 446 

Niño (La Niña) conditions during the winter lead to drier (wetter) monsoons (Higgins et al., 1999). 447 

A pattern of opposite-sign phasing between cool- and warm-season precipitation has also been 448 

proposed from the analysis of instrumental (Lo and Clark, 2002) and paleoclimatic (Griffin et al., 449 

2013) data, but a complete understanding of its physical basis according to general circulation 450 

models remains a topic of debate (Coats et al., 2015). 451 

 452 

5. Conclusions 453 

This study targeted the relationships between seasonally bimodal precipitation patterns 454 

(cool- and warm-season), typical of the southwestern US, and total water-year precipitation. The 455 

focus was on how the variability of seasonal precipitation has determined frequency and intensity of 456 

annual precipitation anomalies since 1663. Water-year anomalies were mostly generated by 457 

seasonal anomalies in cool-season precipitation and less often by simultaneous cool- and warm-458 

season anomalies. Warm-season precipitation alone had a negligible effect on water-year anomalies. 459 

This suggests that although synchronicity of seasonal precipitation could play an important role in 460 

determining water-year dry and wet excursions on annual to decadal scales, winter moisture (i.e. 461 

snowpack dynamics) remains the main driver of water availability. 462 

While seasonal variability of precipitation was the main driver of regional climatic extremes, 463 

the amount of precipitation falling outside the cool and warm seasons did not play a consistent role 464 

in determining frequency and severity of droughts and pluvials. In fact, by analyzing variability of 465 

seasonal precipitation we were able to uncover an inverse relationship between the relative 466 
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contribution of cool- and warm-season precipitation to the water-year total, in both instrumental and 467 

reconstructed records. In terms of climatic drivers, we found that in our study region, at the border 468 

between Arizona and New Mexico, the frequency of pluvials and dry spells was mostly determined 469 

by teleconnections with the phasing of ENSO.  470 

In the western US, the “water year” represents the most used temporal scale of reference for 471 

water resource managers (Pagano et al., 2009). Seasonal hydroclimatic dynamics are however 472 

crucial for evaluating the effects of climatic extremes on both natural and human systems 473 

(Corringham and Cayan, 2019; White et al., 2019). Our research indicated, from both an 474 

instrumental and a paleoclimatic perspective, that variability of seasonal precipitation greatly 475 

contributes to determine water-year anomalies, which need to be properly framed within historical 476 

reference conditions (Biondi, 2013). Features of seasonal precipitation anomalies, and their 477 

teleconnections with large-scale climatic modes, such as ENSO (Shamir, 2017), should be carefully 478 

considered for water resource management, especially with regard to forecasting extreme events 479 

and their socio-economic effects. 480 

 481 
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Table 1. Summary information for ponderosa pine tree-ring collections used in this study (see Fig. 1a for a map of site locations).* 693 

 694 

Site 

Lat 

(° N) 

Lon  

(° W) 

Elevation  

(m asl) 

Trees 

DBH  

(cm) 

Cores 

Period 

(yr) 

MaxSL  

(yr) 

MSL  

(yr) 

MRW  

(mm) 

LAR 

(%) 

Gini ar1 EPS RBAR 

Beaver Creek 33.71 109.25 2400 14 62-85 31 1601-2015 415 295 0.98 0.6% 0.29 0.70 0.94 0.43 

Black River 33.80 109.32 2480 10 48-89 16 1603-2015 413 233 1.34 0.6% 0.25 0.59 0.91 0.53 

Knight Gap 33.90 109.92 2245 10 48-80 24 1638-2015 378 267 0.81 2.3% 0.32 0.57 0.94 0.47 

Luna 33.85 109.02 2395 17 54-87 26 1672-2015 344 216 1.30 1.5% 0.32 0.69 0.95 0.56 

Negrito 33.53 108.58 2325 10 44-85 19 1563-2015 453 253 0.96 1.2% 0.30 0.62 0.91 0.48 

Rainy Mesa 33.53 108.63 2340 8 49-76 14 1830-2015 186 162 1.38 2.1% 0.37 0.72 0.96 0.66 

Rose Peak 33.42 109.37 2360 14 44-82 18 1841-2015 175 126 1.85 2.3% 0.40 0.78 0.96 0.66 

Regional    83 44-89 148 1563-2015 453 222 1.23 1.5% 0.32 0.67 0.94 0.54 

 695 

* DBH = stem diameter at breast height (~1.3 m); MaxSL = maximum series length; MSL = mean segment length; MRW = average 696 

ring width; LAR = locally absent rings; Gini = Gini coefficient; ar1 = first order autocorrelation; EPS = Expressed Population Signal; 697 

RBAR = inter-series correlation (see main text for details on the standardization procedure). 698 

  699 
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Table 2. Linear correlation (r) of total ring-width (TW), earlywood (EW), and adjusted latewood (LWa) 700 

chronologies with total precipitation during 1951-2015.* 701 

 702 

Site TW:WY EW:WY LWa:WY TW:CS EW:CS LWa:WS 

Beaver Creek 0.60* 0.61* 0.01 0.37* 0.39* 0.48* 

Black River 0.57* 0.57* 0.05 0.37* 0.41* 0.49* 

Knight Gap 0.60* 0.59* 0.20 0.61* 0.63* 0.46* 

Luna 0.62* 0.61* 0.27* 0.56* 0.57* 0.51* 

Negrito 0.56* 0.56* 0.15 0.51* 0.52* 0.37* 

Rainy Mesa 0.63* 0.62* 0.15 0.48* 0.50* 0.54* 

Rose Peak 0.68* 0.68* 0.25* 0.63* 0.66* 0.52* 

Regional 0.67* 0.67* 0.23 0.58* 0.60* 0.57* 

 703 

 704 

* WY = water year, from previous October to current September; CS = cool season, from previous 705 

November to current February; WS = warm season, from July to August. Asterisks mark significant 706 

correlations (p-value < 0.05). 707 
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Table 3. Calibration-verification statistics for dendroclimatic reconstructions of water year, cool-season, and warm-season precipitation for the 709 

period 1950-2015*.  710 

 711 

 1950-1982 1983-2015 

Tree-ring 

Proxy 

Total Precipitation R2 RE CE DW RMSE R2 RE CE DW RMSE 

TW Water year 0.50 0.39 0.35 2.103 15.80 0.42 0.37 0.36 2.239 2.12 

EW Cool season 0.40 0.31 0.31 2.337 0.78 0.37 0.21 0.21 2.098 11.71 

LWa Warm season 0.41 0.19 -0.11 2.277 23.05 0.23 0.35 0.22 2.159 23.12 

 712 

* TW = total ring-width chronology; EW = earlywood-width chronology; LWa = adjusted latewood-width chronology. 713 

All models were statistically significant according to the F-test (p-value < 0.01). 714 

R2 = coefficient of determination; RE = Reduction of error; CE = Coefficient of efficiency; DW = Durbin-Watson statistic; RMSE = 715 

root mean squared error. 716 
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Figure Captions 718 

 719 

Figure 1.  720 

a) Geographical location of the study sites (white dots), straddling the Arizona-New Mexico border region.  721 

b) Walter-Lieth diagram of average monthly mean temperature and average monthly total precipitation from 722 

seven averaged PRISM grid cells during the 1950-2015 period (see text for details). Bars on the x-axes 723 

indicate frost season (dark blue), probable frost season (light blue), and frost-free season (no bars). Moisture 724 

surplus (area with blue vertical lines) occurs most of the year because of the relatively high elevation (>2200 725 

m) of the sites. Moisture deficit (area with red dots) occurs generally in May and June. 726 

 727 

Figure 2. a) Water-year (October –September), b) cool-season (November - February), and c) warm-season 728 

(July - August) precipitation reconstructions compared with the respective 1896 - 2015 instrumental records 729 

(bold lines are 10-year cubic smoothing splines). Dashed horizontal lines represent the 1895-2016 mean for 730 

instrumental (red) and reconstructed (black) precipitation. 731 

 732 

Figure 3. 733 

a) 25-year moving averages of the relative contribution of cool-season (blue lines) and warm-season (red 734 

lines) precipitation to water-year total precipitation for both instrumental (dotted lines) and reconstructed 735 

(solid lines) periods. Gray areas represent 25-year moving averages of the instrumental (dark grey, starting in 736 

1947) and reconstructed  (Stahle et al., 1998; light grey, starting in 1718) SOI index (opposite-sign 737 

values were used to highlight the negative correlation with cool-season precipitation). 738 

b) Scatterplot of the relationship between the relative contribution of cool-season and warm-season 739 

precipitation to the water-year total in the instrumental period 1951-2015 (black symbols and dotted 740 

regression line) and for the 1663-2015 reconstruction (white symbols and solid regression line).  741 
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Figure 4. Time series plots of 1663-2015 precipitation reconstructions for the a) water year, b) cool season, 743 

and c) warm season expressed as standard deviation units (SDU). Solid horizontal lines represent ± 2 744 

standard deviation from the 1663-2015 mean; dotted horizontal lines represent ± 1 standard deviation. 745 

Episodes above the long-term mean are colored blue, and those below the mean are colored orange; red lines 746 

represent 10-year cubic smoothing splines fitted to the annual values. 747 

 748 

Figure 5. Duration of episodes associated with cool-season (CS; blue bars), warm-season (WS; red bars), 749 

and both cool- and warm-season (CS+WS; orange bars) precipitation anomalies for the period 1663-2015. 750 

Only one water-year anomaly (1751) was not associated with seasonal precipitation anomalies, and therefore 751 

considered an “extra” precipitation anomaly (EX). Dots represent opposite-sign anomalies (blue = wet CS – 752 

dry WS; red = dry CS – wet WS). Reconstructed water-year precipitation (WY_PPT, in standard deviation 753 

units, SDU) smoothed with a 10-yr cubic spline (as in Fig.4a) is shown in the background. 754 

 755 

Figure 6. Time series plots of Southern Oscillation Index with opposite sign (“Inverted SOI”) to match 756 

reconstructed cool season precipitation. 757 

a) Annual values of SOI from instrumental (1935-2015, gray line) and reconstructed (1706-1977, black line) 758 

records, and the reconstructed cool season (November - February) precipitation (blue line). 759 

b) Same as above but using a 30-year cubic smoothing spline fit to the annual values. 760 
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Figures 762 

 763 

 764 

 765 

Figure 1 766 
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Figure 2. 770 
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Figure 3. 774 
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Figure 4. 778 
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Figure 5. 782 
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