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Abstract13

Flow data for the Gila River, New Mexico, shows peaks in the winter-spring14

(December-January-February-March-April-May), and summer (August-September).15

Winter flow is typically greater than summer flow, although large spikes are16

found to appear intermittently in summer values. The mechanisms responsi-17

ble for the variability of the winter-spring and summer streamflow peaks are18

investigated by correlation of streamflow with precipitation and sea surface19

temperature for 1928 to 2012. Decadal variability in the flow record is also20

examined for a longer term perspective on Gila River streamflow. Results21

indicate a strong coupling between the winter-spring streamflow and winter-22

Preprint submitted to Journal of Hydrology June 2, 2014



spring precipitation and winter-spring streamflow and with Pacific SST with23

El Niño conditions causing increased precipitation and streamflow. Decadal24

Pacific variability helps explain the transition from high winter flow in the25

late 20th century to lower flows in the most recent decade. The summer26

streamflow has a somewhat weaker correlation with summer precipitation27

and Pacific SST, and its variability is more likely influenced by local vari-28

ability within the North American Monsoon. Tree ring-based reconstructions29

of the Palmer Drought Severity Index and the Standardized Precipitation In-30

dex indicate much more severe and extended periods of droughts and pluvials31

in past centuries as well as periods of concurrent winter and summer drought.32
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1. Introduction36

[1] The Gila River flows approximately 600 miles west across Arizona,37

from its headwaters in New Mexico to join the Colorado River just above its38

mouth. The Gila River receives water from both winter precipitation and39

the North American Monsoon, producing a complex hydrograph with spring40

and summer peak flows [14]. The Gila River has been gaged since 192841
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and its historical flows show considerable interannual to decadal variability42

(ibid.). Precipitation and streamflows of other rivers in the Southwest have43

been shown to be affected by various mechanisms, including responses to44

Pacific and Atlantic sea surface temperature (SST) anomalies [15, 35, 21].45

In addition to the influences of climate variability, aridity in the Southwest46

United States is projected to intensify with global warming [32, 29] and47

this will have implications for precipitation and streamflow in the region.48

Understanding these varying influences on streamflow is vital for producing49

reliable projections of future streamflows and water resources in the coming50

decades.51

[2] The Gila River is a vital source of water for multiple groups in New52

Mexico and Arizona including farmers, industries, and local communities53

including the Gila River Indian Community (Oglesby, 2011). It supplies wa-54

ter to Catron, Grant, Hidalgo and Luna Counties, New Mexico, for varied55

purposes including agriculture (which accounts for 86 percent of water con-56

sumption in the state [20]) , commercial use, industry, mining and power57

extraction. The Gila River is also the subject of an ongoing debate on plan-58

ning for water use in New Mexico as allowed under the Arizona Water Set-59

tlements Act (AWSA). The social importance of the river motivates the need60

3



for improved scientific understanding of the mechanisms responsible for its61

flow.62

[3] Here we present the first comprehensive study of historical Gila River63

flow variability. Since the river is fed by 1) snowmelt in the spring and64

2) the North American Monsoon in the summer, attention must focus on65

both winter and summer season climate variability. Many previous studies66

have demonstrated the connection between Southwest precipitation during67

the winter and Pacific Ocean SST anomalies [23, 3, 30]. This connection68

is primarily due to the El Niño-Southern Oscillation (ENSO) [3], a cou-69

pled atmosphere-ocean phenomenon with equatorial Pacific SST varying at70

the 2 to 7 year timescale and being strongest during the winter (December-71

January-February (DJF)) season (e.g. [39]). Those studies found that win-72

ters of warm SST anomalies (El Niño events) precede higher than average73

spring streamflow and precipitation in southwest North America, and peri-74

ods of cold SST anomalies (La Niña events) tended to go along with low75

precipitation and streamflow [3]. Focusing on precipitation variability, mod-76

eling studies have also indicated the importance of Pacific SST anomalies77

in generating persistent, multiyear, droughts and pluvials in North America78

[28, 31], and multidecadal precipitation variability [29].79
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[4] From Mexico into the southwestern U.S., the North American Mon-80

soon brings a summer (July-August-September (JAS)) peak in rainfall [1, 2]81

and Monsoon variability presumably can also drive streamflow variability,82

including of the Gila. Modeling studies have indicated that greenhouse gas83

(GHG) warming could delay both Monsoon onset and retreat [34, 4] though84

changes in the Monsoon by region have not yet been closely examined. In85

addition, the role of increased temperature and potential evapotranspiration86

rates is predicted to have an impact on the hydrology of the region, adding87

a further dimension to streamflow change in the future [17, 14].88

[5] This study will investigate historical variability of Gila River flow, the89

nature of the double peaked hydrograph, and in particular the association of90

flow to SST anomalies in the Pacific and Atlantic Oceans. Key questions91

addressed will include: 1) precipitation variability in which months best92

explains the variability of the two peak streamflows?, 2) how are precipitation93

over the basin and streamflow related to SST anomalies?, 3) what is the94

relationship of flow variability to ENSO?, and 4) what is the nature and cause95

of the decadal variability of Gila River flow since 1928. Future climate change96

impacts on Gila River flow are not examined here (but see [14]). Instead we97

use observations to explain the past flow variability as one necessary step to98
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understanding its potential present and future predictability.99

2. Data and Methodology100

[6] To investigate streamflow and climate variability four observational101

datasets for the time period of 1928 to 2012 are used. This time span is used102

as the base period from which climate anomalies are calculated. For stream-103

flow we use mean daily values for the upper Gila River from United States104

Geological Survey (USGS) Gage Data (in units of cubic meters per second105

(c.m.s.)) (USGS gage 09430500) (available online at http://waterdata.usgs.gov/usa/nwis/uv09430500).106

For precipitation we use two datasets: the first is from the Global Precip-107

itation Climatology Center (GPCC) (in units of mm/month on a 0.5◦x0.5◦108

global grid) which is used for generating data over North America for 1928 to109

2010 (Schneider et al., 2011). The second precipitation dataset used is from110

the Parameter Regression on Independent Slopes Model (PRISM; in units111

of mm/month on a 4km grid), which uses a well-verified, terrain-sensitive112

algorithm to interpolate between available stations over the period 1895-113

present [9]. To focus on watershed specific variability, PRISM data was114

extracted for the Upper Gila Basin (U.S.G.S. Hydrologic Unit Code 150400)115

using the Westmap internet tool (http://www.cefa.dri.edu/Westmap/). The116
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interpolation between stations in the PRISM data is sensitive to elevation117

changes, which is important given the varying topography of our study re-118

gion. For SST, ERSST V3 reanalysis data (in units of degrees Celsius on119

a 2◦x2◦ global grid) are used [36]. A reconstruction of the Palmer Drought120

Severity Index (PDSI) for the United States, based on tree ring data within121

the North American Drought Atlas (NADAV2a) , is used since 1000 A.D.122

[5, 6, 7]. Season-specific moisture variability in the pre-instrumental era was123

assessed with tree-ring reconstructions to create the Standardized Precipita-124

tion Index (SPI) for the 7-month season ending in April and the 3-month125

season ending in August for 1530 to 2008 [13]. For evapotranspiration, pre-126

cipitation and temperature output is used from the Global Land Data As-127

similation System (GLDAS) Common Land Model (CLM) (1979 to 2000)128

[24], the Variable Infiltration Capacity (VIC) hydrological model (1929 to129

2003) [19] as well as NCEP-NCAR CDAS-1 Reanalysis data (1948 to 2012)130

[18] ( (in units of kg/m2/s for precipitation and evapotranspiration, and131

degrees Celsius for temperature, on a 1◦x1◦ global grid). The Variable In-132

filtration Capacity (VIC) hydrological model is also used for evapotranspi-133

ration, precipitation and temperature from 1929 to 2003 [19] .The GPCC134

precipitation, SST and PDSI datasets are available online at the Interna-135
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tional Research Institute Institute for Climate and Society (IRI) data library136

(http://iridl.ldeo.columbia.edu/).137

[7] To investigate precipitation variations over the Gila River Basin, a138

time series is constructed from the PRISM data for the Upper Gila Hydro-139

logical Unit. Regions affected by the North American Monsoon have been140

found to contain large degrees of spatial heterogeneity in rainfall and tem-141

perature trends, related to the spatially varying nature of convective cloud142

activity [11] , making it important to examine links between Gila River flow143

and precipitation on the scale of the basin itself. Consistently stronger cor-144

relation between precipitation and streamflow was found to exist when using145

the PRISM Upper Gila Hydrological Unit Precipitation compared with a146

rectangular box containing the Gila River catchment upstream of the gage147

(spanning 108.5◦W to 111.5◦W and 31.5◦N to 33.5◦N). Pacific Ocean SST148

variability related to ENSO is investigated using the Niño-4 index, which is149

the SST anomaly averaged over the area bound by 5◦N to 5◦S and 150◦W150

to 160◦E. Composites of precipitation over North America corresponding to151

cold and warm events in the Niño-4 region are also created. Warm (cold)152

events are identified as those in which the value of the Niño-4 index for DJF153

season has an anomaly greater (less) than 0.5◦C.154
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[8] A hydrograph for the Gila River is created using streamflow data to155

determine the magnitude and timing of the dual peaks (as carried out by156

Gutlzer (2013)). Following identification of the peak months of streamflow,157

a cross-correlation with PRISM precipitation is performed to determine for158

which months the precipitation is best correlated to flow. The timeseries159

of streamflow and precipitation for these months were then correlated with160

SST for 1928 to 2012 to create maps of correlation coefficients showing which161

ocean regions have the greatest influence on Gila River precipitation and flow.162

[9] High and low spring streamflow events are then investigated. High163

events are identified by determining years in which the magnitude of DJF-164

MAM streamflow is greater than 85 percent of the annual mean, and low165

events when flow is less than 15 percent of the annual mean for 1928 to 2012.166

Composites of GPCC precipitation and SST patterns for the high and low167

events are created to examine co-existing patterns. GPCC data are used for168

precipitation in this case as they provide global coverage and can be used to169

illustrate patterns across the entire North American continent.170

[10] Decadal variability is investigated through analysis of the timeseries171

for 1928 to 2012. Composites for GPCC precipitation and SST are created172

for years of persistently high and low flow to determine the nature of the as-173
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sociated climatic patterns. PDSI data are compared with JFM precipitation174

over the Gila Basin, for the period 1928 to 2003. In addition the two den-175

droclimatological time series are analyzed to examine longer term variability176

in the region.177

3. Results178

[11] The box plot (Figure 1a) shows that peak streamflow occurs during179

the months December-January-February-March-April-May (DJFMAM) and180

the summer peak occurs during August-September (AS). For these months181

streamflow reaches monthly mean magnitudes of approximately 5.6 in winter-182

spring and 2.7 c.m.s. in summer. Figure 1 also shows timeseries of streamflow183

averaged over the water year (October to September) (Figure 1b), winter-184

spring (DJFMAM) (Figure 1c) and summer months (AS) (Figure 1d). The185

timeseries for water year flow (Figure 1b) indicate a high flow period from186

about 1975 to about 1990, and low flow from about 1945 to about 1960. In187

addition there is substantial interannual variability in monthly flow through-188

out the record. There is also a large degree of variability on an annual189

timescale shown in the box plot of Figure 1a. DJFMAM flow is greater than190

AS flow, comprising approximately 61 percent of the total mean annual flow191
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compared to 15 percent over the time period 1928 to 2012. However, cer-192

tain years exist where the AS flow exhibits sharp spikes which far exceed193

the DJFMAM flow, notably 1988 and 2006 in which AS flow accounts for 55194

and 66 percent of the annual mean flow respectively (Figure 2). The mean195

cumulative flow was found to be 140 million cubic meters per year, with a196

maximum mean flow of 13 c.m.s. (occurring in December), and a minimum197

mean flow of 1.2 c.m.s. (occurring in June).198

[12] As can be seen in Figure 1 the distributions of winter-spring and sum-199

mer flow are positively skewed, and for this reason subsequent analysis is per-200

formed using log-transformed flow data. The timeseries for log-transformed201

DJFMAM and AS streamflow over the time period 1928 to 2012 were then202

cross-correlated (using Pearson correlation) with PRISM precipitation, first203

by month and then by season (Figure 3). For the monthly analysis, DJF-204

MAM streamflow was found to correlate best with the preceding winters205

precipitation, obtaining a maximum correlation coefficient in December of206

r = 0.70 (p< 0.000) (Figure 3a). The lag of flow behind precipitation is207

consistent with winter precipitation falling as snow and being stored in the208

basin until spring snowmelt. The seasonal correlation between DJFMAM209

log-transformed streamflow and winter average (NDJFMAM) precipitation210
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is even higher with a value of r = 0.91 (p< 0.000). For monthly analysis211

of AS log-transformed streamflow, the highest correlation with precipitation212

is found for the preceding and coincident months of July-August-September213

(JAS) reaching a maximum value of r = 0.52 (p< 0.000) in August (Figure214

4b). The seasonal correlation coefficient between JAS precipitation and AS215

log-transformed flow gave a value of r= 0.77 (p <0.000). The lack of any lag216

between precipitation and flow is because summer precipitation falls as rain217

with little storage in the basin. Timeseries for DJFMAM and log-transformed218

flow with NDJFMAM PRISM precipitation and NDJF SST anomalies in the219

Niño 4 region for 1928 to 2012 show the coupling of winter-spring flow with220

both precipitation and Pacific Ocean climatology (Figure 4a, b). The weaker221

correspondence of AS log-transformed flow with JAS precipitation and Niño-222

4 SST anomalies is also demonstrated (Figure 4c, d).223

[13] PRISM precipitation for the Upper Gila Hydrological Unit in ND-224

JFMAM as well as log-transformed DJFMAM streamflow is correlated with225

GPCC precipitation over North America (Figure 5a,b). The largest correla-226

tion coefficients (aside from the region directly over or adjacent to the Gila227

River basin) are found to occur across all of southwestern North America228

including the southern (values of approximately 0.5) and central Plains (also229
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with a value of approximately 0.5). Negative correlation coefficients stretch230

inland from the Pacific Northwest. This pattern of positive and negative231

correlations is a typical ENSO pattern [26, 27, 25]. The JAS PRISM precipi-232

tation and the log-transformed AS streamflow is correlated with JAS GPCC233

precipitation over the region of Gila River watershed (Figure 5c,d). These234

maps demonstrate the localized nature of summer flow which is consistent235

with local-scale convective precipitation.236

[14] Streamflow during the peak months, and PRISM precipitation for237

the preceding NDJFMAM and JAS, were then correlated with global SST238

anomalies for JFM and JAS, respectively (Figure 6c, d). This is based on the239

assumption that there should be little lag between SST anomalies and the240

resulting atmospheric circulation anomalies that cause precipitation anoma-241

lies. The results show a positive correlation with SSTs in the ENSO region242

for DJFMAM streamflow and NDJFMAM precipitation with correlation co-243

efficients reaching approximately 0.5. The greatest correlation coefficients244

appear to occur in the Niño-4 region. The SST correlation pattern extends245

from the west coast of South America to about the dateline, with cool wa-246

ters to the north and south in the classic boomerang shape, all features247

typical of ENSO warm phase anomalies [39]. A similar southwestern North248
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American precipitation response to tropical SST has been documented in249

previous studies using Empirical Orthogonal Function and Principal Com-250

ponent analysis [42, 8]. Composites of North American precipitation during251

NDJFMAM for years of warm and cold SST anomalies in the Niño-4 regions252

are shown in Figures 6a and b. During anomalously warm years in the Niño-4253

region, positive precipitation anomalies occur over southern North America254

and Mexico. Negative precipitation anomalies are found over the Southwest255

region corresponding to the Gila River basin during anomalously cold years.256

[15] Years of high streamflow are defined as years in which the stream-257

flow value in DJFMAM flow is 85 percent or greater than the annual mean258

flow (4 events identified), or less than 15 percent for low flow years (3 events259

identified) over 1928 to 2012. Figure 7a illustrates a GPCC precipitation260

composite for the high streamflow years. This demonstrates positive pre-261

cipitation anomalies over the West coast of the U. S., the Gulf region, the262

U.S. East coast and over Mexico. This pattern of precipitation anomalies263

is similar to that expected during an ENSO warm phase [26]. A composite264

of JFM SST anomalies (Figure 7c) for these high streamflow years shows265

weak warm anomalies in the central tropical Pacific region. This resembles266

El Niño conditions but the pattern in the eastern tropical Pacific is not typ-267
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ically El Niño-like in that there are cool off-equatorial SST anomalies. The268

low streamflow years have below normal precipitation anomalies (Figure 7b)269

over southwest North America and above normal on the northwest coast of270

the United States. The SST anomalies for the low flow composite are La271

Niña like.272

[16] Decadal variability is investigated in Figures 8, with years of high273

streamflow taken as 1977 to 1997 (after the 1977 climatic shift in the Pacific)274

(Figure 8b,e), and low streamflow as 1945 to 1960 (Figure 8a,d). These dif-275

ferent time periods for high and low flow are selected based on analysis of the276

10-year running mean of the timeseries for Gila River streamflow from 1928277

to 2012 in Figure 1b - d. Decadal trends are particularly apparent in the278

annual average for streamflow shown in Figure 1b, with a mean value of 6279

c.m.s. occurring for the years 1977 to 1997 and 3 c.m.s. for the low flow years280

of 1945 to 1960. The most recent period, 1999 to 2012, is also investigated281

(Figure 8c,f). During the high streamflow period (Figures 8a,d) positive pre-282

cipitation anomalies are observed over southwestern North America and the283

Gulf Region. This pattern again resembles the El Niño related precipitation284

anomaly pattern over North America. Consistently, positive SST anomalies285

occur in the central and eastern Pacific within a meridionally broad pat-286
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tern resembling decadal El Niño variability [43]. A region of negative SST287

anomalies is also found to occur in the North Atlantic region. For the low288

streamflow years (Figures 8b,e) negative precipitation anomalies occur over289

southwest North America, the coastal southeast U.S. and the Gulf region.290

Positive anomalies occur over the northwest and much of the eastern U.S.291

However the SST anomalies in the Pacific and Atlantic Oceans do not clearly292

show any climate mode pattern. The most recent decade (Figure 8c,f) shows293

positive precipitation anomalies over the north west United States, and neg-294

ative anomalies over the south west and Gulf Region. Pacific Ocean SST has295

generally warm anomalies in the tropics but cold anomalies in the central296

Pacific. [16] and [33] have shown using SST-forced atmosphere models how297

a shift in the late 1990s to this SST pattern induced drying across southwest298

North America.299

[17] The Upper Gila Watershed is surrounded by a dense network of mois-300

ture sensitive tree-ring chronologies that offer a high-quality and long-term301

perspective on moisture variability in the centuries prior to the instrumen-302

tal era. The June-August PDSI reconstruction from the North American303

Drought Atlas [7]; Figure 9b) illustrates that in the Upper Gila Basin, per-304

sistent pluvials centered on the 1910s and 1980s, made the 20th Century per-305
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haps the wettest of the last millenium. It also highlights protracted drought306

events previously described in the late 16th century (e.g. [38]) , and several307

”megadroughts” of the late Medieval Era (e.g., [22, 6, 40]). The anoma-308

lously wet 20th century, 16th century ”megadrought,” and another multi-309

decadal drought event in the early 1400s are also evident in an unpublished310

reconstruction of water year flow on the Gila River downstream at Safford311

Arizona, which covers the period 1332-2005 A.D. [Meko and Hirschboeck,312

http://treeflow.info/loco/gila.html].313

[18] A novel perspective on paleomonsoon precipitation variability in this314

region is available from summer-forming tree-ring ”latewood” [12]. Latewood315

chronologies have been used to reconstruct June-August standardized pre-316

cipitation indices for a large area of Arizona and western New Mexico [13]. In317

the Southwestern U.S., precipitation influence on the summer PDSI is domi-318

nated by the cool season [37] and for data in the present study, the relation-319

ship between summer PDSI with previous NDJFMAM PRISM precipitation320

(r=0.42,p<0.000) is greater than that with the monsoon (JAS) precipitation321

(not significant). The summer PDSI is also found to correlate greater with322

the winter-spring SPI index over 1530 to 2003 (r = 0.47, p<0.000) than with323

the summer SPI (not significant). The SPI demonstrates synchronous pe-324
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riods of negative SPI index between the winter-spring (October-April) and325

summer around 1575, 1675, 1775, 1825,1880, and 1950 among other periods326

(although in general the correlation between the two is insignificant). This327

supports recent Southwestern studies using latewood which find that major328

decadal droughts of the last several centuries were likely characterized by329

precipitation deficits during both seasons [38, 10, 41, 13].330

[19] While the summer (AS) season correlation between Gila streamflow331

and basin precipitation is still quite high (r=0.52, p< 0.000), it is lower than332

in winter and to explain this the relationship of summer flow with evap-333

otranspiration and temperature from the GLDAS CLM, VIC models and334

NCEP-NCAR reanalysis output averaged over the Gila River Basin (span-335

ning 108.5W to 111.5W and 31.5N to 33.5N) was also investigated. Re-336

sults from these studies (not shown) indicate weak correlations between AS337

summer flow and evaporation, temperature and precipitation - evaporation.338

Weak correlation is also found to exist between these variables amongst the339

different models and datasets which calls into question the validity of the340

evapotranspiration data. An additional analysis for the longer time period341

July-August-September-October-November as well as considering data for a342

smaller area corresponding to the watershed, were also performed to capture343
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all basin storage but this did not improve the correlations.344

4. Conclusion345

[20] We have presented the first comprehensive analysis of the climatic346

causes of Gila River flow variability over the time period 1928 to 2012. The347

Gila River experiences two peaks in its hydrograph: one in the winter to348

spring (DJFMAM) with a monthly mean magnitude of approximately 5.6349

c.m.s, and a second, smaller, peak (about 2.7 c.m.s) in the summer (AS)350

coinciding with the North American Monsoon The DJFMAM streamflow351

peak correlates the greatest with precipitation in the preceding NDJFMAM352

months, with the delay being consistent with winter precipitation falling353

as snow in the headwaters and moving into the river in spring following354

snowmelt. The AS streamflow peak correlates the greatest, but at a lower355

value, with JAS precipitation, the lack of any appreciable lag being consistent356

with Monsoon precipitation falling as rain and moving quickly into the river.357

Correlation and composite analyses show that DJFMAM streamflow and358

NDJFMAM precipitation are positively related to an ENSO like pattern359

of Pacific SST anomalies. These relations hold in general for individual360

year examples of high and low spring flows. In contrast, AS streamflow361
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and precipitation does not have an association to Pacific SST. The weaker362

link between AS streamflow and summer precipitation, and between summer363

precipitation and SST anomalies, indicates future studies are needed focused364

on North American Monsoon variability and the role of other controls on365

streamflow such as temperature variability. In addition the Gila River basin366

is affected by highly localized climate variability involving the monsoon and367

convective storms, particularly during the summer months, requiring analysis368

to also be performed at the mesoscale.369

[21] The Gila River flow also has impressive variability on decadal timescales.370

This can be explained in large part by decadal ENSO-like variability with371

the composite for the high flow decades of 1975 to 1990 clearly revealing the372

warm phase of Pacific decadal variability. The post 1990s decline in Gila373

River flow is also explained in terms of the shift to cooler tropical Pacific374

SSTs. The reconstructed PDSI and SPI indexes for past centuries demon-375

strate prolonged droughts and pluvials as well as periods of synchronous376

summer and winter dry periods.377

[22] The history of the spring maxima of Gila River flow can therefore be378

largely explained in terms of natural precipitation variability forced by inter-379

annual to decadal ENSO variability. This should allow some useful seasonal380
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to interannual predictabilty of spring Gila River flows. The high flows in381

the late 20th Century are associated with the warm phase of Pacific decadal382

variability and the recent downturn in the 21st Century is consistent with383

the more generally cold tropical Pacific conditions since the 1997/98 El Niño.384

As the current century evolves, Gila River flow will no doubt be influenced385

by human-induced climate change but natural variability such as that iden-386

tified here will also continue. Projections of future Gila River flows, and its387

important contribution to southwest water resources, will need to account388

both for the natural variability and the response to human-induced climate389
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Figure 1: a) Boxplot of monthly flow over the time period 1928 to 2012. For each boxplot,

the central mark is the median, the edges of the box are the 25th and 75th percentiles,

the whiskers extend to the most extreme data points not considered outliers, and outliers

are plotted individually. Timeseries of b) water year (October - September) averaged

streamflow, c) December-January-February-March-April-May (DJFMAM) streamflow and

d) August-September (AS) streamflow. The thick line shows the ten-year running average.
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Figure 2: DJFMAM (red bars) and AS (blue bars) streamflow as a percentage of total

annual calendar year mean flow for 1928 to 2012. Percentage values are stacked.
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Figure 3: Cross-correlation for a) DJFMAM log-transformed streamflow and b) AS log-

transformed streamflow with monthly PRISM precipitation for time period of 1928 to

2012. Dashed line indicates significant at 0.05 level.
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Figure 4: Timeseries of a) DJFMAM log-transformed streamflow and NDJFMAM PRISM

precipitation, b) DJFMAM log-transformed streamflow and Niño-4 index for NDJF, c)

AS log-transformed streamflow and JAS PRISM precipitation, and d) AS log-transformed

streamflow and Niño-4 index for JAS. The data are averaged by year and standardized for

time period of 1928 to 2012.
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Figure 5: Correlation of North American GPCC precipitation for winter-spring (NDJF-

MAM) with a) PRISM NDJFMAM precipitation for the Upper Gila Hydrological Unit

and b) log-transformed winter-spring (DJFMAM) streamflow and for summer (JAS) with

c) PRISM JAS precipitation and d) log-transformed summer (AS) flow.
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Figure 6: Composites for North American NDJFMAM GPCC precipitation (mm/month)

for a) anomalously warm years and b) anomalously cold years in the Nino-4 region (150◦W

to 160◦E and 5◦N to 5◦S). Warm (cold) years identified by years in which value of the

Nino-3.4 index for the DJF season has an anomaly greater (less) than 0.5◦C. Correlation

of c) NDJFMAM PRISM precipitation over Gila River basin with DJFMAM SST and d)

DJFMAM streamflow with DJFMAM SST.
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Figure 7: Climate composites for periods of high and low streamflow, defined as high flow

for years in which DJFMAM streamflow is greater than 85 percent of the annual flow,

and low flows when 15 percent or less for 1928 to 2012. High streamflow composite for

a) NDJFMAM GPCC precipitation anomaly and c) DJFMAM SST anomaly, and low

streamflow composite for b) NDJFMAM GPCC precipitation anomaly and d) DJFMAM

SST anomaly.
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Figure 8: Composite for North American GPCC precipitation during a) 1945-60 period of

generally lower flows, b) 1977-97 period of generally higher flows and c) for the most recent

decade 1999 to 2012 for NDJFMAM. Composites for SST anomalies during d) 1945-60

period of generally lower flows, e) 1977-97 period of generally higher flows and f) for the

most recent decade 1999 to 2012 for DJFMAM over the Pacific.
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Figure 9: Top time series : reconstructed Standardized Precipitation Index (SPI) (blue

line) for 7-months from October to April for 1530 to 2008. Middle time series: Recon-

structed SPI (red line) for 7-months from July to August for 1539 to 2008. Bottom time

series: Reconstructed PDSI from treering data (green line) from 1000 to 2003. The original

annual data are smoothed using a moving average over a five year interval.
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