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Abstract 1 

 At the end of World War II, there was a rapid increase in irrigation over the Ogallala 2 

Aquifer in the Great Plains of the United States via groundwater withdrawal, and we hypothesize 3 

that this disruption of the local hydrological cycle has enhanced regional precipitation.  To test 4 

our hypothesis, we first examine station observations of warm season precipitation over and 5 

downwind of the region.  We find a statistically significant increase in precipitation downwind of 6 

the Ogallala, the timing of which coincides with the period of most rapid irrigation expansion, 7 

1940-1960, and the seasonal peak of irrigation, July.  Then, we compare precipitation 8 

observations with three general circulation climate model simulations of the 20th century that 9 

account for observed sea surface temperatures and radiative forcing but not irrigation. The 10 

models fail to reproduce the observed increase in July precipitation downwind of the Ogallala 11 

after 1945, providing further evidence that the observed precipitation increase was associated 12 

with irrigation. Finally, we perform a vapor tracking analysis to examine the water vapor 13 

contribution from the Great Plains to local and downwind precipitation using regional reanalysis 14 

and find that evapotranspiration from the Great Plains indeed contributes to downwind 15 

precipitation. This further supports our hypothesis that changing the surface wetness of the Great 16 

Plains may have enhanced downwind precipitation over the 20th century. Our results suggest that 17 

the effect of irrigation on precipitation may be important and will need to be taken into 18 

consideration when studying future climate change associated with human actions.  19 

 20 
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1.  Introduction 21 

Humans have been threatening the sustainability of groundwater storage in the Ogallala 22 

Aquifer of the Great Plains since the 1940s, when pumping of groundwater for irrigation began 23 

to soar (Fig. 1a) [McGuire, 2009]. By continually pumping groundwater each year for irrigation, 24 

groundwater storage over the Ogallala has decreased by about 333 km3 between pre-25 

development (i.e. before 1950) and 2007 [McGuire, 2009]. This has had particularly significant 26 

hydrologic impacts over the Texas and Oklahoma panhandles and western Kansas, where 27 

groundwater declines have been most significant (Fig. 1b). As a result, the amount of surface 28 

water available for evapotranspiration over the Ogallala has approximately doubled between pre-29 

development and the 21st century [Moore and Rojstaczer, 2001]. Most of the added surface water 30 

from irrigation evaporates rather than runs off or returns to groundwater [Moore and Rojstaczer, 31 

2002]. 32 

 The effect of this human alteration of the natural water cycle on regional precipitation 33 

over this area is the subject of this study. We hypothesize that the increase in irrigation over the 34 

20th century resulted in a detectable enhancement of precipitation over and downwind of the 35 

Ogallala Aquifer. An analysis of long-term precipitation observations and simulations over three 36 

study regions (Fig. 1b) is combined with wind observations and vapor transport analysis to 37 

search for the link between irrigation and increases in precipitation over the region. 38 

The mechanisms linking increased irrigation and enhancement of precipitation are most 39 

likely related to the effects of increased evapotranspiration on precipitable water and convection 40 

over this region. The possibility of convection being influenced by irrigation is supported by the 41 

fact that most irrigation over the Ogallala occurs between June and August (Fig. 1c) when more 42 

than 80% of precipitation originates from thunderstorms [Changnon, 2001]. Numerous modeling 43 
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studies have shown that increased surface moisture from irrigation leads to enhanced 44 

evapotranspiration and atmospheric moisture content over irrigated regions worldwide [Boucher 45 

et al., 2004; Gordon et al., 2005]. The physical basis for enhanced convection in response to 46 

increased evapotranspiration is that an increase in lower tropospheric moisture increases 47 

convective available potential energy (CAPE), making convection more likely when synoptic 48 

conditions are favorable, or initiating convection when conditions are borderline favorable 49 

[Barnston and Schickedanz, 1984; De Ridder and Gallée, 1998]. However, the increased latent 50 

heat flux and increased cloud cover associated with irrigation is known to cool the surface, with 51 

a particularly strong effect on daily maximum temperatures (of at least 2°C in many regions) 52 

[Barnston and Schickedanz, 1984; Sacks et al., 2008; Lobell and Bonfils, 2008; Lobell et al., 53 

2008]. Because cooler temperatures tend to inhibit CAPE and thus convective precipitation, it is 54 

expected that precipitation enhancement caused by irrigation will occur downwind of the 55 

immediate irrigated area.  In downwind regions, surface temperatures are not cooled by local 56 

increases in evapotranspiration or clouds, and added moisture from the irrigated region is 57 

transported in, only increasing CAPE. Another suggested mechanism linking irrigation and 58 

enhanced precipitation is the formation of mesoscale circulations initiated by surface soil 59 

moisture heterogeneity [Hammer, 1970; Eltahir and Bras, 1996; Avissar and Liu, 1996, Pielke et 60 

al., 1997, Georgescu et al., 2003]. This mechanism would lead to an enhancement of convection 61 

and precipitation over the originally drier areas of the irrigated domain.  62 

Observational studies over the past several decades have been equivocal in detecting a 63 

response in precipitation to irrigation over numerous regions, including the Ogallala Aquifer. For 64 

example, two studies focused on the Columbia River Basin in the 1970s led to contradictory 65 

results on the detection of enhanced observed precipitation in response to irrigation increases; 66 
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Stidd [1975] detected enhanced precipitation both upwind and downwind of the irrigated region, 67 

while Fowler and Helvey [1975] did not. Later studies focused over the Ogallala Aquifer did not 68 

agree on an observed precipitation response to irrigation either; while Barnston et al. [1984] 69 

detected ~20% increases in June precipitation associated with irrigation over the period 1930-70 

1970 in the Texas panhandle, Moore and Rojstaczer [2001] found no such signal over neither the 71 

same region nor Nebraska and Kansas for the period 1950-1982. A third study focused over the 72 

Ogallala Aquifer detected an enhancement of summertime precipitation 90 km east of a heavily 73 

irrigated part of the Texas panhandle in 1996 and 1997 [Moore and Rojstaczer, 2002]. 74 

 Some shortcomings associated with these previous observational studies are that their 75 

analyses are restricted to short time periods, inappropriate time periods, small domains, or any 76 

combination thereof. For example, the time period 1950-1982 used to study the irrigation 77 

response over the Great Plains by Moore and Rojstaczer [2001] may have failed to show a signal 78 

because irrigation was already increasing dramatically over the region by 1950 [McGuire, 2009] 79 

or because a 33 year period is too short for statistically significant trends to be detected.  80 

Furthermore, the study of only 1996 and 1997 in the Texas panhandle by Moore and Rojstaczer 81 

[2002] did not provide a large enough sample of data to make strong and convincing 82 

conclusions. Additionally, most of the previous observational studies failed to search for the 83 

precipitation response to irrigation far beyond the boundaries of the irrigated region. As already 84 

discussed and seen later, much of the irrigation signal is expected to occur downwind of the 85 

irrigated region. The present observational study addresses these shortcomings by analyzing an 86 

extensive precipitation observation data set that covers the entire 20th century and extends well 87 

beyond the boundaries of the Ogallala Aquifer. 88 
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 While observational studies have been equivocal, modeling studies have been fairly 89 

convincing in showing that irrigation (or wetter soil) tends to enhance precipitation. Koster et al.  90 

[2004], using an ensemble of atmospheric general circulation models, showed that variations in 91 

soil moisture can explain more than 10% of the precipitation variability over the Great Plains. 92 

This suggests that the surface wetness may have strong influences on precipitation in the region. 93 

Sacks et al. [2008], using a coupled land-atmosphere general circulation model, showed that 94 

globally land averaged JJA (June-July-August) precipitation increases by 1.27% between a 95 

control and realistic irrigation experiment. Segal et al. [1998] used a numerical model to test the 96 

effects of irrigation over the United States on precipitation during various 7-day weather patterns 97 

(i.e., floods, dry spells, and normal); in all cases, irrigation was shown to increase precipitation 98 

by as much as 6 mm or more in areas that are distant from irrigated fields and associated with 99 

large scale regions of maximum precipitation over the 7-day periods. In summary, that modeling 100 

studies agree on an enhancement of precipitation caused by irrigation in the face of equivocal 101 

results from observational studies, suggests that using a sufficiently long and extensive 102 

observation dataset may uncover additional evidence of the irrigation effect on precipitation.  103 

 In this study, we perform three independent analyses in search of evidence of irrigation 104 

enhanced precipitation over and downwind of the Ogallala. First, we analyze 20th century 105 

precipitation observations over three regions (Fig. 1b) using data from 865 precipitation stations 106 

that have continuous record from the 1940s to 1980s.  The three regions selected represent local 107 

(Region 1), immediately downwind (Region 2), and far downwind (Region 3) locations from the 108 

moisture source, the Ogallala Aquifer. A statistical step change analysis is performed to test the 109 

significance of the observed precipitation changes. Second, we compare the observations with 110 

global general circulation climate model (GCM) simulations over the 20th century forced by 111 
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observed sea surface temperatures and radiative forcing without consideration of the increased 112 

surface wetness due to irrigation, in an effort to rule out other causes of precipitation change 113 

such as changes in atmospheric circulation. Third, we perform a Lagrangian tracer study of 114 

atmospheric vapor transport based on the North America Regional Reanalysis (NARR) 115 

[Mesinger et al., 2006] to assess the contribution of Ogallala evapotranspiration (ET) to local and 116 

downwind precipitation.  117 

2.  Irrigation History and Seasonal Pattern 118 

Knowledge of the history of irrigation over the Ogallala is important because it provides 119 

information about when to search for precipitation changes associated with irrigation.  Between 120 

the 1930s and 1980s, the area of irrigated land over the Great Plains increased dramatically from 121 

less than 7,500 km2 to more than 60,000 km2 [Moore and Rojstaczer, 2001]. In particular, the 122 

2009 report from the U.S. Geological Survey on groundwater storage over the Great Plains 123 

shows that the largest expansion of irrigation occurred between 1949 and 1974, when the 124 

groundwater withdrawals increased by 475% [McGuire, 2009] (see also Fig. 1a). After 1974, 125 

water withdrawal stopped increasing and remained comparable to 1974 levels through the early 126 

21st century [McGuire, 2009]. Thus, in this study, emphasis is placed on shifts in precipitation 127 

from before the rapid increase in irrigation (1950) to after irrigation had already taken hold of the 128 

region. 129 

 It is also important to understand the seasonal pattern of irrigational water use across the 130 

region because the effect of irrigation on precipitation, if any, is likely to be strongest during the 131 

most heavily irrigated time of year. To determine the seasonal pattern of irrigation we look at the 132 

seasonal crop water use and precipitation over the Ogallala as an indication of the need for 133 

irrigation. For the seasonal crop water use, two sets of data are compiled. First, the irrigated 134 
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acreage of the most prevalent crops (corn, cotton, sorghum, soybean, and wheat) grown across 135 

the eight states encompassing the Ogallala Aquifer (Colorado, Kansas, Nebraska, New Mexico, 136 

Oklahoma, Texas, South Dakota, and Wyoming) were obtained from the U.S. Department of 137 

Agriculture (USDA) 2002 Census of Agriculture [USDA, 2002]. The 2002 census was used 138 

because it has the best combination of data completion and representation of post-irrigation crop 139 

distribution over the Great Plains. Second, characteristic seasonal water use for the five crops 140 

was obtained from regional agricultural documents [Kansas State University, 2007 (corn); 1997a 141 

(soybean), 1997b (wheat); New Mexico State University, 1998 (cotton); Texas A&M University, 142 

2004 (sorghum)]. These two data sets were combined by weighing the water use of each crop 143 

with its irrigated acreage and then summing the water use of the five crops, for each month. The 144 

result is shown in Fig. 1c, together with the long-term (1893-2008) mean precipitation averaged 145 

over Region 1. 146 

The region as a whole has the highest need for irrigation in the months of June through 147 

September, when potential crop water use exceeds precipitation, but July and August have the 148 

highest water deficit and hence the greatest need for irrigation. The peak in July and August is 149 

because the period from mid July to early August is the critical stage for corn (tasselling and 150 

silking) and irrigation is essential for crop yield and hence recommended by experts [Kansas 151 

State University, 2007 (corn)], and because corn covers a majority (60%) of the irrigated land in 152 

the Ogallala [USDA, 2002].  These results suggest that the enhancement of precipitation caused 153 

by irrigation expansion, if detected, should be most obvious in July. Thus, in this study we 154 

compare precipitation changes between May and September, in search for the strongest irrigation 155 

signal during July.   156 
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3.  Results and Discussion 157 

3.1.  Precipitation Observations Analysis 158 

 Station monthly precipitation data were obtained from the National Climatic Data Center 159 

monthly surface data archive (http://www.ncdc.noaa.gov/oa/climate/climatedata.html#monthly). 160 

Station locations for the contiguous U.S. are shown in Fig. 2. The area-averaged precipitation 161 

over each of the three regions (Fig. 1b) is plotted in Fig. 3 for May through September, together 162 

with the number of stations reporting. The number of stations increased by 5-fold from 1930 to 163 

1931, but stayed rather constant over the irrigation ramping up period (1940-1980, Fig. 1a) and 164 

hence will not affect the calculated regional precipitation changes over the period of irrigation 165 

expansion. The maximum number of stations over the period 1940-1980 is 258, 291, and 316 in 166 

Region 1 (Reg1), Region 2 (Reg2), and Region 3 (Reg3), respectively. The precipitation in Fig. 3 167 

is shown as the 5-year moving average to better discern long-term variations.  168 

 Large inter-annual variability dominates the time series in all regions and months, with a 169 

step-like change perceptible only in Reg3 and the month of July, where the mean of the inter-170 

annual oscillations appears higher after 1950. The timing of the apparent jump (1945-1950) 171 

coincides with the start of rapid expansion of irrigation after World War II [McGuire, 2009], and 172 

the month (July) coincides with the seasonal peak of irrigation (Fig. 1c). This suggests that the 173 

observed increase in precipitation may have been associated with irrigation. A Student t test is 174 

used to evaluate the statistical significance of any such step changes from the period of 1900-175 

1950 to the period of 1950-2000 and the results are given in Table 1. Mean July precipitation 176 

increased in all three regions, but only the increase in Reg3 is statistically significant at the 95% 177 

confidence level.   178 

http://www.ncdc.noaa.gov/oa/climate/climatedata.html#monthly�
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 The maps in Fig. 4 illustrate the spatial patterns in the observed precipitation changes. 179 

These plots are based on gridded station data for North America at 1°x1° lat-lon resolution, a 180 

data set developed at Rutgers University [Dyer and Mote 2006]. Differences in mean 181 

precipitation from the period of 1900-1950 to the period of 1950-2000 are plotted for May to 182 

September, overlaid on the mean monthly 850 mb winds obtained from the North America 183 

Regional Reanalysis (NARR) [Mesinger et al., 2006]. The time periods chosen for comparison 184 

are the same as those used for the test for statistical significance of area-averaged precipitation 185 

changes discussed above, and represent pre- and post- irrigation conditions.  Consistent with the 186 

station time series plots (Fig. 3), a clear increase in precipitation is observed in Reg3 in July, 187 

which exceeds 30% in some places (Fig. 4). The precipitation increase in Reg2 is also notable, 188 

but its northwestern part experienced no change, reducing the area-average increase and the 189 

statistical significance shown in Table 1. The wind field, which shows that the prevailing 190 

direction of atmospheric vapor transport is from the southern part of Reg1 to Reg2 and Reg3, 191 

makes it seem possible that the observed precipitation increase in Reg2 and Reg3 is associated 192 

with irrigation in Reg1.  Furthermore, irrigation induced enhancement of precipitation that is 193 

distant from the irrigation region, as suggested here, is supported by the modeling results from 194 

Segal et al. [1998] described earlier.   195 

3.2.  Comparison of Observations with GCM simulations 196 

In an effort to rule out other likely causes for the observed increase in precipitation in 197 

Reg3, such as changes in atmospheric circulation associated with changes in sea surface 198 

temperatures and atmospheric composition, we compare the observations with 20th century GCM 199 

simulations, which do not consider irrigation or other land cover changes. The climate models 200 

emerge from the CLIVAR International Climate of the Twentieth Century Project (C20C) 201 
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[Folland et al., 2002]. The models were forced with observed sea surface temperatures [Rayner 202 

et al., 2003] and observed radiative forcing. Because land-atmosphere interactions associated 203 

with irrigation are not accounted for, the model simulated precipitation changes over the 20th 204 

century will represent what may have happened in the absence of irrigation. The three models 205 

used in this study are described in Table 2. Monthly precipitation output was available for the 206 

time periods 1869-2002 for the HadAM3, 1902-2006 for the NSIPP-1, and 1870-1999 for the 207 

AM2.1.     208 

In Fig. 5, precipitation time series, averaged over each of the three regions (Fig. 1b), are 209 

plotted for the GCM simulations and station observations (as in Fig. 3) for May through 210 

September. Precipitation is expressed as an anomaly with respect to the 1910-1945 observed 211 

mean. The observed mean is used to eliminate biases in variability in the C20C models caused 212 

by biases in model mean precipitation. The period 1910-1945 was chosen because it represents a 213 

sufficiently long pre-development period before the rapid increase in irrigation, and thus helps to 214 

highlight precipitation anomalies with respect to pre-irrigation. Both the C20C output and the 215 

station data are smoothed using a 5-year running average to bring out the long-term variations.  216 

Reg3 in July seems to stand out again. In the observations, there is a substantial increase 217 

in precipitation around 1945 and the wetter pattern is maintained through the end of the 20th 218 

century, as discussed earlier, but the models show a different pattern. To further examine the 219 

differences and to eliminate the dampening of the temporal variability of model precipitation in 220 

the model ensemble average, we also show the individual ensemble simulations for Reg3 in July 221 

in Fig 6. None of the model simulations exhibit an increase in precipitation after 1945, and in 222 

fact, the HadAM3 and AM2.1 ensemble members show a drying trend over the course of the 20th 223 

century.  This suggests that trends in atmospheric and oceanic circulation, forced by ocean 224 
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temperatures and atmospheric composition, would by themselves cause a negligible to slight 225 

decreasing trend in precipitation over this region during the 20th century; when irrigation 226 

expansion is taken into account in the observations, however, precipitation increases. We also 227 

point out that the observations show wet precipitation anomalies of consistent magnitudes during 228 

the entirety of the 20th century in Reg3 during July, but after 1945, the observed dry precipitation 229 

anomalies are less severe than earlier in the century (Fig. 6). In other words, there appear to be 230 

less intense drought periods in the observations after 1945, while the models show no such 231 

decrease in drought severity. It is plausible that during dry periods, irrigation is more intense, 232 

causing an enhancement of precipitation downwind of the Ogallala and preventing the onset of 233 

drought. These results provide more evidence that irrigation is the cause for precipitation 234 

enhancement over Reg3 in July, as the timing of the divergence between the GCMs and 235 

observations occurs when irrigation begins ramping up, and only during the month of peak 236 

seasonal water use. 237 

It is also important to say a few words about the performance of the GCMs in the time 238 

series of precipitation.  We observe that the climate models do a good job simulating some major 239 

precipitation anomalies of documented causes over the 20th century (i.e., those that we feel are 240 

not associated with irrigation). For example, the wet period around 1993 (causing heavy 241 

flooding) in Reg3 in July, which is known to have been caused by moisture transport anomalies 242 

from the south rather than upwind irrigation [Dirmeyer and Kinter, 2009], is captured by the 243 

NSIPP-1 and one ensemble member of the AM2.1 (Fig. 6a and 6b). Furthermore, the NSIPP-1 244 

and AM2.1 models simulate the “Dust Bowl” drought of the 1930s quite well in Reg2 (Fig. 5), 245 

which was likely caused by tropical sea surface temperature anomalies [Schubert et al., 2004]. 246 

Still, there is great uncertainty in the GCM simulations, as there are other discrepancies between 247 
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the models and observations in addition to those discussed for Reg3 in July (Fig. 6), that cannot 248 

be explained (Fig. 5). This uncertainty must be taken into consideration when drawing 249 

conclusions from the results presented in this section.   250 

In Fig. 7, the spatial patterns of mean precipitation change from 1900-1950 to 1950-2000 251 

are shown for the gridded observations and 20th century GCM simulations, for the five summer 252 

months. It should be noted that the first period used for the NSIPP-1 was actually 1902-1950 and 253 

the second period used for the AM2.1 was 1950-1999 due to the availability of the model output, 254 

but this small inconsistency should not fundamentally affect the results. As discussed earlier, the 255 

observations show that July mean precipitation increased by generally 20-30% in a broad region 256 

downwind of the Ogallala as far as Indiana and Ohio. On the contrary, the model simulations 257 

show either no change in precipitation greater than 10%, or for the case of the AM2.1, 258 

substantial decreases greater than 20% over the three study regions during July. Indeed, none of 259 

the models simulate increasing precipitation in the central or northern land regions of the domain 260 

in any summer month, which would suggest that the observed precipitation increases as far as 261 

southeast Canada may too be associated with irrigation. However, unlike with the analysis of the 262 

area-averaged precipitation (Fig. 5 and Fig. 6), the C20C simulations do not agree with 263 

observations of spatial precipitation changes anywhere (including to the south and west of the 264 

Ogallala), which greatly reduces confidence in their ability to reproduce long-term spatial 265 

precipitation changes, making the disagreement over Reg3 seem trivial. Nonetheless, that the 266 

observed precipitation increases over Reg2 and Reg3 during July are not reproduced in GCMs 267 

that are not forced with irrigation is consistent with our hypothesis that irrigation may have 268 

increased precipitation downwind of the Ogallala Aquifer. 269 
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3.3.  Lagrangian Tracing of Vapor Sources 270 

 Our third analysis aims to establish a physical link between Ogallala evapotranspiration 271 

(ET) and downwind precipitation (P). The NARR 850 mb winds shown in Fig. 4 insinuate that 272 

ET from Reg1 passes through Reg2 and Reg3. The question is: how much does Reg1 ET 273 

contribute to Reg2 and Reg3 precipitation? Or, in other words, how much of the Reg2 and Reg3 274 

precipitation originates as Reg1 ET? The answer to this question will give insight as to how 275 

likely the observed precipitation increases downwind of the Ogallala in July are associated with 276 

increased ET in Reg1 due to irrigation. Dominguez et al. [2009] showed that ET from the four-277 

corner states (Utah, Colorado, Arizona, and New Mexico), a region with its summer precipitation 278 

strongly influenced by the North American Monsoon (NAM), has pronounced and far reaching 279 

effects on downwind precipitation; during a strong NAM year resulting in a wet surface, ET in 280 

July and August could contribute to as much as 40% of the precipitation downwind, and during a 281 

weak NAM year, ET is limited and has little influence downwind. These results demonstrate that 282 

land surface fluxes of water and energy upwind of an atmospheric transport pathway can 283 

influence the downwind fluxes at regional to continental scales. 284 

 We calculate the amount of precipitation falling over North America originating as ET 285 

from the Ogallala region using the Dynamic Recycling Model (DRM) [Dominguez et al., 2009].  286 

The DRM estimates source and sink regions of evapotranspired moisture. As with all bulk 287 

recycling models, it is derived from the conservation equation for water vapor of recycled origin. 288 

The DRM uses a Lagrangian coordinate system that enables us to follow the trajectory of 289 

advected moisture. The model also provides an expression for the local recycling ratio, defined 290 

as the fraction of precipitation falling in one specific cell originating as ET from within the entire 291 

region of analysis, or a specified subregion.  292 
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 The DRM used here requires gridded mean and transient values of specific humidity and 293 

zonal and meridional winds in the vertical column, as well as ET and P estimates. We used daily 294 

derived variables from the NARR product for May-September over 1985-2006 for these inputs. 295 

The NARR [Mesinger et al., 2006] improves upon earlier global reanalysis products, particularly 296 

in terms of hydrologic modeling, because it assimilates the observed precipitation. 297 

Unfortunately, land surface observations such as soil moisture and ET are extremely limited, and 298 

are currently not assimilated into NARR. Therefore, ET in NARR is model estimated and may 299 

have significant uncertainty [Nigam and Ruiz-Barradas, 2006]. However, NARR is the only 300 

gridded data set that provides high resolution and dynamically consistent ET, precipitation, 301 

winds, and humidity for multi-decadal studies over North America, and is therefore the best data 302 

set we currently have. 303 

 Since NARR (1979-2008) does not go back to the pre-irrigation era, making it difficult to 304 

make direct inferences on the effect of irrigation, we seek analogies to the irrigation scenario by 305 

analyzing the difference between a low ET year and a high ET year in Reg1. The low Reg1 ET 306 

year in NARR, caused by a lack of rainfall, creates a vapor shortage similar to that without 307 

irrigation, and the high Reg1 ET year in NARR, caused by abundant rainfall, creates vapor 308 

fluxes similar to that caused by irrigation. Following the argument of this paper, that irrigation 309 

over Reg1 enhanced downwind precipitation, we note that the NARR assimilated precipitation in 310 

Reg2 and Reg3 may be enhanced during a low Reg1 ET year due to increased irrigation. That is, 311 

the water shortage during a dry year may have lead to more irrigation in Reg1, which enhanced 312 

precipitation in Reg2 and Reg3, causing precipitation to be higher in NARR in Reg2 and Reg3 313 

than if irrigation did not exist. The Reg1 ET would not be affected by the irrigation, as ET 314 

observations are not assimilated in the model. Therefore, the increase in downwind precipitation 315 
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originating from Reg1 between a low and high ET year may be underestimated, placing our 316 

analogy of low vs. high ET years to irrigation on the conservative side.  317 

 Fig. 8 plots the July P and ET, amount of July P originating as Reg1 ET, and the fraction 318 

of July P originating as Reg1 ET, for the three regions (Fig. 1b). We contrast the high Reg1 ET 319 

year of 1992 with the low Reg1 ET year of 2002. In 1992, the higher Reg1 ET (Fig. 8b) made a 320 

larger contribution to Reg2 and Reg3 P (Fig.8c), and in 2002, the lower Reg1 ET corresponds to 321 

the low contribution to Reg2 and Reg3 P. The scatter plot of Fig. 9 relates the P originating from 322 

Reg1 ET to Reg1 ET for all years over 1985-2006 for the three regions. A positive correlation is 323 

found in all three regions, which suggests that Ogallala ET indeed contributes to downwind P, 324 

and that as Ogallala ET increases, its contribution to downwind P also increases. Reg1 ET 325 

contributes to both local and downwind P, but Reg2 responds the most to Reg1 ET, followed by 326 

Reg3. Between 2002 and 1992, Reg1 ET increased from 1.41 mm/day to 3.26 mm/day, and its 327 

contribution to Reg2 P increased from 0.14 to 0.75 mm/day and Reg3 P from 0.11 to 0.60 328 

mm/day. The observed increase in July mean precipitation between 1900-1950 and 1950-2000 329 

(0.40 mm/day in Reg2, and 0.57 mm/day in Reg3) (Table 1) is about the same magnitude as the 330 

increase in precipitation originating from Reg1 ET between a low (2002) and high (1992) ET 331 

year derived from the DRM. This makes it quantitatively plausible that the observed July 332 

precipitation increase was caused by increases in ET due to the rapid spread of irrigation in 333 

Reg1.   334 

 Fig. 10 illustrates the spatial distribution of the Reg1 ET contribution to local and 335 

downwind precipitation in 1992 (left, the high Reg1 ET year) and 2002 (right, the low Reg1 ET 336 

year). In the high ET year, ET from the Ogallala region may account for >1 mm/day, or >10 % 337 

of the precipitation downwind, and the effect is far reaching, affecting the northeastern US and 338 
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southeastern Canada. In the low ET year, its contribution to downwind precipitation is far lower, 339 

and the highest impact is on Reg1 local precipitation.  That the Reg1 ET during a high year can 340 

contribute rather substantially to precipitation as far downwind as southeast Canada, supports the 341 

argument stated earlier that the observed precipitation enhancement in southeast Canada in July 342 

(Figs. 4, 7) could too be associated with irrigation.   343 

4.  Conclusions 344 

 Irrigation over the Ogallala Aquifer of the central United States increased dramatically 345 

over the 20th century and we hypothesize that this has influenced regional precipitation. We 346 

performed three independent analyses in search of observational evidence of irrigation 347 

enhancement of precipitation over and downwind of the irrigated region. First, we examined 348 

observations of warm season precipitation using stations with continuous records over the period 349 

of irrigation ramping up (1940-1980). A Student t test indicates a significant increase in 350 

precipitation over Reg3, downwind of the Ogallala, in the month of July. The timing of the step-351 

change coincides with the onset of most rapid irrigation expansion (1940-1960), and the month 352 

of most significant change (July) coincides with the seasonal peak of irrigation, suggesting that 353 

irrigation may have indeed led to the observed precipitation increase. 354 

 Second, we compared station and gridded precipitation data with three GCM simulations 355 

over the 20th century. These models are designed to capture climate variability caused by 356 

radiative forcing and ocean temperatures but do not consider land cover changes, and hence the 357 

difference between the observations and the models shed some light on the possible effect of 358 

irrigation. While the observations show an increase in precipitation and less intense droughts in 359 

the second half of the 20th century over Reg3 during July, the models show little precipitation 360 

changes or even drier conditions in the later 20th century. The timing of the divergence and the 361 
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fact that the divergence is only significant in July again point to irrigation as a potential 362 

contributor to the precipitation enhancement. While the models reproduce some documented 363 

precipitation anomalies over the 20th century (e.g., the “Dust Bowl” in the 1930s and Midwest 364 

floods in 1993), giving some confidence in their performance, they exhibit considerable 365 

uncertainty in spatial patterns of long term precipitation changes, and therefore this analysis 366 

should be taken with a grain of salt.  367 

 Third, we performed a vapor tracking analysis to examine the water vapor contribution 368 

from the Ogallala Aquifer region to local and downwind precipitation using the best available 369 

regional reanalysis product, NARR. The results suggest that ET from the Ogallala region indeed 370 

contributes to downwind precipitation, and that the higher the ET over the Ogallala, the greater 371 

its contribution. Between a low ET year and a high ET year, the contribution of Ogallala ET to 372 

downwind precipitation can increase by about 0.50 mm/day in July on average, which is about 373 

the same magnitude as the observed precipitation increase we found between 1900-1950 (pre-374 

irrigation) and 1950-2000 (irrigation) in July downwind of the Ogallala. This further supports the 375 

hypothesis that the observed precipitation increase in the Midwest may have indeed resulted 376 

from increased surface wetness over the Ogallala due to irrigation.  377 

In summary, our analyses suggest consistent observational evidence that the large-scale 378 

irrigation expansion in the Great Plains in the mid century may have changed the regional 379 

precipitation profoundly. In particular, it may have enhanced July precipitation by more than 380 

20% downwind of the Ogallala Aquifer between the first and second half of the 20th century. A 381 

more complete understanding of the effect of irrigation on precipitation and greater confidence 382 

that the observed precipitation increases shown here are a result of irrigation, will require 383 

analysis of 20th century climate model simulations with and without irrigation. In the meantime, 384 
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we suggest that the potential effects of irrigation on regional precipitation are important and will 385 

need to be considered when studying future climate change associated with human actions.   386 
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Table 1. Student t-test for significance (at the 95% confidence level) of the step change in area-486 

averaged precipitation observed over the three study regions (Fig. 1b) between 1900-1950 and 487 

1950-2000, for the five summer months analyzed in this paper. 488 

Region 1 
Period 1 (1900-1950) Period 2 (1950-2000) Two-tail test Months 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

t 
statistic 

Degrees 
of 

Freedom 
Probability 

Trend (5%) 

May 2.618 1.087 51 2.779 0.871 51 -0.822 99 0.411 Insignificant 

June 2.718 1.227 51 2.764 0.846 51 -0.227 97 0.820 Insignificant 

July 2.158 0.734 51 2.377 0.728 51 -1.294 100 0.198 Insignificant 

August 2.051 0.658 51 2.050 0.447 51 0.011 96 0.991 Insignificant 

September 1.901 0.801 51 1.776 0.732 51 0.719 100 0.472 Insignificant 

Region 2 
Period 1 (1900-1950) Period 2 (1950-2000) Two-tail test Months 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

t 
statistic 

Degrees 
of 

Freedom 
Probability 

Trend (5%) 

May 3.568 2.213 51 3.542 1.158 51 0.100 91 0.920 Insignificant 

June 4.053 2.491 51 3.876 1.344 51 0.645 92 0.520 Insignificant 

July 2.858 1.497 51 3.260 1.869 51 -1.565 99 0.121 Insignificant 

August 2.988 1.111 51 2.989 1.007 51 -0.003 100 0.998 Insignificant 

September 3.122 1.553 51 2.935 1.931 51 0.716 99 0.476 Insignificant 

Region 3 
Period 1 (1900-1950) Period 2 (1950-2000) Two-tail test Months 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

Mean 
(mm/d) 

Variance 
(mm/d) 

No. of 
Observ. 

t 
statistic 

Degrees 
of 

Freedom 
Probability 

Trend (5%) 

May 3.277 1.665 51 3.348 0.975 51 -0.314 94 0.754 Insignificant 

June 3.418 1.383 51 3.448 1.057 51 -0.137 98 0.891 Insignificant 

July 2.720 0.895 51 3.289 0.577 51 -3.353 96 0.001 Significant 

August 2.904 0.727 51 2.942 0.716 51 -0.229 100 0.819 Insignificant 

September 3.006 1.735 51 2.878 1.326 51 0.523 98 0.602 Insignificant 
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Fig. 7. Spatial patterns of mean precipitation change (%) from 1900-1950 to 1950-2000 in gridded observations and the ensemble average of the 
three C20C simulations (columns), for the five summer months analyzed in this paper (rows).  The three study regions are outlined for reference. 
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Fig. 8. (a) P, (b) ET, (c) P originating as Region 1 ET, and (d) fraction of P originating as Region 1 ET 
for the month of July and averaged over the three study regions (Fig. 1b). Gray shading indicates the 
high Reg1 ET year of 1992 and the low Reg1 ET year of 2002. 
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Fig. 9. Relationship between July P originating as Region 1 ET and Region 1 ET, where r is the 
Pearson correlation coefficient and the slope is that of a least squares linear regression. 
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Fig. 10. Spatial distribution of July precipitation originating as Region 1 ET in a high ET year (left, 
1992) and a low ET year (right, 2002), expressed as both amount (top) and percentage (bottom). 
 
 


