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this is nearly balanced by a corresponding reduction in sen-
sible heat flux. Concomitant with additional moisture avail-
ability is an increase in both transient and stationary mois-
ture flux convergences. However, despite the increase, there 
is a large-scale stabilization of the atmosphere stemming 
from a cooled surface.
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1  Introduction

Irrigation has been identified as a significant contributor to 
regional climatology. For instance, irrigation’s impact on 
precipitation manifests in several ways. Conversion from 
most non-tropical vegetation types to cropland generally 
produces increases in precipitation by modifying boundary 
layer structure and available moisture (Pielke et al. 2007). 
Transitional regions, between moist and dry areas, have 
strong soil moisture-precipitation coupling, which can lead 
to increased rainfall over these regions (Wei and Dirmeyer 
2012). Over the Indian subcontinent, irrigation weakens the 
monsoon heat low, allowing for deeper inland penetration 
of monsoon circulation and evapotranspiration to produce 
local precipitation (Saeed et  al. 2009). In areas of heavy 
irrigation, local precipitation is seen to increase, though the 
precipitation gain is generally less than the loss of water 
through ET, indicating that irrigation can have a net nega-
tive effect on local water budgets (Wei et  al. 2013). This 
increase in ET has a second order effect on atmospheric 

Abstract  The impacts of irrigation on southeast United 
States diurnal climate are investigated using simula-
tions from a regional climate model. An extreme case is 
assumed, wherein irrigation is set to 100 % of field capacity 
over the growing season of May through October. Irrigation 
is applied to the root zone layers of 10–40 and 40–100 cm 
soil layers only. It is found that in this regime there is a 
pronounced decrease in monthly averaged temperatures in 
irrigated regions across all months. In non-irrigated areas 
a slight warming is simulated. Diurnal maximum tem-
peratures in irrigated areas warm, while diurnal minimum 
temperatures cool. The daytime warming is attributed to an 
increase in shortwave flux at the surface owing to dimin-
ished low cloud cover. Nighttime and daily mean cooling 
result as a consequence repartitioning of energy into latent 
heat flux over sensible heat flux, and of a higher net down-
ward ground heat flux. Excess heat is transported into the 
deep soil layer, preventing a rapidly intensifying positive 
feedback loop. Both diurnal and monthly average precipita-
tions are reduced over irrigated areas at a magnitude and 
spatial pattern similar to one another. Due to the excess 
moisture availability, evaporation is seen to increase, but 
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circulation, strengthening tropical rain belts and modi-
fying the Indian monsoon (Puma and Cook 2012). How-
ever, these secondary effects appear to be somewhat model 
dependent. Similarly, development of strong soil moisture 
gradients can produce thermally induced, sea breeze-like 
circulations on land (Ookouchi et al. 1984).

Likewise, land-use change has an observable impact 
on diurnal variations in temperature (Defries et al. 2002; 
Oke 1982) and other thermodynamic/hydrologic variables 
including humidity and evapotranspiration (Sorooshian 
et  al. 2011). Thus, when conducting climatological sim-
ulations it is of the utmost importance that land-use is 
considered, especially in regions like the southeastern 
United States (SEUS) where diurnal variations are signifi-
cant (Bastola and Misra 2013). In a related study, Misra 
et al. (2012) showed that irrigation has an impact on the 
observed surface temperature trends in the SEUS. In 
recent years, development of next-generation global and 
regional climate models has allowed for some capturing 
of these features with the development of urban extent 
databases (e.g., Schneider et  al. 2009) and regional irri-
gation maps (e.g., Siebert et  al. 2005). However, global 
climate models continue to use resolutions that are not 
suited for resolving small-scale, dynamic phenomena 
(Selman et  al. 2013). Hence there remains a need for 
high-resolution regional climate models. Such models 
have well-documented skill in resolving both features 
arising from land-use change and small-scale dynamic 
phenomena (Kanamaru and Kanamitsu 2008; Misra et al. 
2012; Dinapoli and Misra 2012).

The effects of irrigation on diurnal variations of all 
atmospheric and sub-surface variables are well documented 
in regions outside of the SEUS. The most noted change is a 
reduction of globally averaged daytime maximum tempera-
tures (on the order of 0.5–1  K) owing to increased cloud 
cover (Sacks et al. 2009). It has been noted that this cool-
ing of temperature can potentially mask warming associ-
ated with climate change (Lobell et al. 2008). In the Great 
Plains, application of irrigation in a regional climate model 
(RCM) caused a cooling in maximum temperatures owing 
to an increase in latent heat (LHF) and decrease in sensible 
heat (SHF) (Qian et al. 2013). In addition to this cooling, 
there exists also a slight warming of nighttime minimum 
temperatures arising from increased thermal conductivity 
of the darker, wetter soil (Kanamaru and Kanamitsu 2008). 
These and other results exhibit some regional and model 
configuration dependencies (Sorooshian et al. 2012; Lobell 
et al. 2009). Cooling is generally felt less in regions that are 
climatologically wet or have an already high soil moisture 
level (Lobell et al. 2008, 2009). Irrigation implementations 
that fix the soil moisture values at a specific percentage 
tend to overestimate evapotranspiration when compared 
with implementations that add water only when falling 

below a certain water depletion threshold (Sorooshian et al. 
2012).

Changes to the surface energy budget are not observed 
at just the surface, however. Increases in LH at the surface 
from irrigation mirrored increases in the mixing ratio of 
water vapor in the lower atmosphere (Kueppers and Sny-
der 2012). By extension it is then plausible to assume that 
addition of irrigation can affect the vertical structure of 
the atmosphere and boundary layer. Kueppers and Snyder 
(2012) noted a lowering of the PBL height, which mani-
fested more prominently in a dry year over an irrigated 
area. Likewise, in the California Central Valley, humidity 
over irrigated areas was seen to increase by 9–20  % and 
PBL heights were found to be low as well (Sorooshian 
et al. 2011). In both studies it was noted that the effects of 
irrigation did not extend far beyond the irrigated cells.

In the SEUS, diurnal variation of precipitation repre-
sents up to nearly 40 % of seasonal variation in the sum-
mer (Bastola and Misra 2013). In fact, the diurnal variation 
of rainfall is a considerably strong and persistent feature of 
SEUS climatology (Dai and Trenberth et  al. 2004). Car-
bone and Tuttle (2008) claim that the diurnal variability is 
stronger over the SEUS than in any other region of the con-
tiguous United States. By virtue of these facts, especially 
when the climatological features of diurnal variations of 
precipitation are relatively stationary (Dai et  al. 2004), it 
comes as no surprise that the SEUS is climatologically the 
wettest region of the United States (Chan and Misra 2010). 
There is however evidence that climate change presents 
itself in diurnal signals of surface temperature, such as the 
observed warming in daily minimum temperatures (Zhou 
et  al. 2008; Misra et  al. 2012; Misra and Michael 2012). 
Similarly, that larger-scale climatological phenomenon 
affected by climate change, such as the North Atlantic Sub-
tropical High, can impart an influence on the diurnal vari-
ability of sea breeze circulations (Li et al. 2011; Misra et al. 
2011; Selman et al. 2013).

Presently, atmospheric global circulation models 
(AGCMs) such as those used in CMIP5 are unable to cor-
rectly simulate diurnal variations in precipitation and tem-
perature (Dai et  al. 1999; Slingo et  al. 2004; Braganza 
et  al. 2004; Lewis and Karoly 2013). These deficiencies 
stem from an improper consideration of land-surface and 
cloud cover processes, leading to an underestimated trend 
in the diurnal temperature range (Lewis and Karoly 2013). 
Improving the simulation of mean rainfall rates can also 
lead to an improvement in simulation of diurnal rainfall 
patterns in increased-resolution simulations (Dirmeyer 
et  al. 2012). It has been indicated in multiple studies that 
use of high-resolution regional climate models can improve 
erroneous phase shifts and magnitudes of diurnal pat-
terns (Liang et  al. 2004; Chow and Chan 2010). These 
improvements can be traced to shrewd choice of cumulus 
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parameterization scheme (Liang et  al. 2004; Lee et  al. 
2007; Wang et al. 2007; Evans and Westra 2012; Harding 
et al. 2013).

By astutely choosing our cumulus parameterization, 
we are able to better simulate the drivers of diurnal pre-
cipitation variability in the SEUS. Such drivers include 
sea breezes in coastal regions (Schwartz and Bosart 1979; 
Biggs and Graves 1962; LeMone 1973). Sea breeze effects 
are especially pronounced in peninsular Florida, where 
afternoon convergence of sea breezes produces significant 
convective activity (Byers and Rodebush 1948; Gibson and 
Vonder Haar 1990). Near the coastline, diurnal precipita-
tion variation can be attributed to convergence of the mean 
background wind and sea breeze (Gentry and Moore 1954). 
Farther away from the coast, where no sea breeze is expe-
rienced, the interaction of propagating mesoscale systems 
from the Central United States with background conditions 
or topography are primary drivers of diurnal variations in 
precipitation (Parker and Ahijevych 2007).

Diurnal variations in precipitation lead diurnal variations 
in ground hydrology. The erratic distribution of local con-
vective systems modifies local soil-moisture/precipitation 
coupling (Wei and Dirmeyer 2012). Due to a lagged timing 
difference between diurnal temperature and precipitation 
maxima, partitioning of surface energy into sensible and 
latent heat flux is influenced by diurnal variations (Selman 
and Misra 2015). Evapotranspiration, a significant contrib-
utor to the water budget of the SEUS (Sun et al. 2002), has 
an offset diurnal peak from precipitation (1600 UTC, vs. 
2200 UTC) (Liu et al. 2005; Stefanova et al. 2012).

Ground hydrology is in large part dictated by soil and 
vegetative surface type. One of the most readily apparent 
ways human action can influence ground hydrology is via 
the application of irrigation (Pielke et al. 2007). Irrigation 

is modest in the SEUS; Florida withdrew on average 1000–
5000 million gallons of water per day in 2005 (Hutson et al. 
2000). This is in contrast to California, which withdrew 
15,000–25,000, million gallons per day in 2005 (Hutson 
et  al. 2000). This large difference is explained largely by 
the differing climates of each state. The California Central 
Valley, a semi-arid/steppe climate, is the most productive 
agricultural region in the country (McNally et  al. 2004), 
with a gross value of $16 billion for the year 2004 owing 
to its irrigation withdrawals and year-round mild climate 
that extends the growing season substantially. The SEUS, 
a more humid subtropical climate with a similarly long 
growing season, has profits of $11 billion between Georgia, 
Florida, Alabama, Mississippi and South Carolina (USDA 
ERS). However, unlike California, agriculture in the SEUS 
is largely rain fed. As the agriculture industry of the SEUS 
grows so too will the demand for water. Thus, the future of 
agriculture in the SEUS rests on intelligent water manage-
ment policies similar to those of California, including the 
adoption of broader irrigation practices.

2 � Model description

For this study, we use the regional spectral model (RSM; 
Kanamitsu et  al. 2010). Our chosen region (excluding 
boundary points where Lehmann nudging occurs; Lehmann 
1993) is depicted in Fig. 1. We use RSM to downscale to 
hourly climate data at a 10  km resolution using NCEP-
R2 (Kanamitsu et al. 2002) reanalysis data as both lateral 
boundary and initial conditions. Soil moisture is initial-
ized directly from the NCEP-R2 data. Integrations are per-
formed over the period 1989–1999, with 1989 discarded 
as model spin up. We assume the Kain–Fritsch convection 

Fig. 1   Domain and vegetation 
map used in this study
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scheme (Kain and Fritsch 1993) In Selman and Misra 
(2015), it was found that this combination of lateral bound-
ary condition and convection scheme choice produces 
results with the most reasonable fidelity out of many pos-
sible combinations. The RSM in its current configuration 
is proficient in resolving diurnal variations in the SEUS 
(Misra et  al. 2011; Stefanova et  al. 2012; DiNapoli and 
Misra 2012; Selman et al. 2013). By using a scale selective 
bias correction technique (Kanamaru and Kanamitsu 2007) 
we are able to produce simulations that are not sensitive to 
domain size when downscaling from coarse (2°) resolution 
data. Importantly, the same scale selective bias correction 
technique is used for all runs, ensuring that model runs are 
consistent across comparisons. For the land-surface model, 
we use the Noah land-surface model (Noah LSM; Ek et al. 
2003), using the 12 Noah vegetation types (Loveland et al. 
1995) and the 9 soil types of Zobler (1986). Four soil lay-
ers, of depths 0–10, 10–40, 40–100 and 100–200  cm are 
assumed (Mitchell et al. 2005).

Crucial to our study is the modification of the Noah 
LSM to account for irrigation. The irrigation technique we 
have chosen to apply to our model is that of a sub-irrigation 
technique, wherein additional moisture is applied directly 
to the root zone of the cropland. We choose to use a sub-
irrigation technique, as the growing regions of the SEUS 
have a shallow water table, with table depths in Florida as 
shallow as 10 cm (Sun et al. 2000). An important feature of 
sub-irrigation systems is the ability to drain excess water, 
which we are essentially doing when we constrain the 
adjusted soil moisture to be not below the wilting point but 
not above field capacity. Each vegetation type has a speci-
fied number of root zones within its parameterization. For 
the cultivation vegetation type, to which the irrigation is 
applied, the model has prescribed three root zones, which 
occupy the span of 0–10, 10–40 and 40–100 cm. Because 
we employ a sub-irrigation type scheme, we do not moisten 
the top layer, and instead apply irrigation to the 10–100 cm 
(root zone) layers. The sub-irrigation process used only by 
the irrigated runs for this study is summarized in Fig.  2. 
Note that the control run, which is borrowed from the 
Selman and Misra (2015) study makes no such considera-
tions, and has not been modified for irrigation whatsoever.

The adjusted LSM in the integrated runs allows the 
user to specify what fraction of field capacity they would 
like all irrigated cells to be set at and how long the grow-
ing season should be. For the purposes of this study, 100 % 
of field capacity from the period spanning May to October 
is chosen. This method carries the weakness that all cells 
considered to be croplands are fixed to the same percentage 
of field capacity for the specified months. The real world 
implication of this is that all municipalities are growing the 
exact same crop over the same period. Since soil moisture 
adjustments are being done every time step. This results in 

anywhere from 10 to 11 times more water being added to 
the system than in the real world. This method of irrigation 
is however similar to some of the previous such studies, 
which did not keep an account of the water added (Lobell 
et  al. 2006; Kanamaru and Kanamitsu 2008). To under-
stand the implication of this issue on water usage further, 
we have added a new tracking variable to the model that 
reports how much water is being added to or taken out of a 
cell at each time step.

3 � Sub‑surface irrigation results

3.1 � Precipitation

Within the domain, monthly averaged added water during 
the irrigated period was extreme, often exceeding an aver-
age of 200 m of added moisture over the growing season 
(Fig. 3). However this added water was a consequence of 
keeping the soil moisture in the root zone at field capac-
ity, which is often the case when growing crops like Rice 
Paddy. Most water was added to the soil in the month of 
May (Fig. 3a), which is to be expected, as May is a clima-
tologically drier period than the summer months. As the 
wet summer season of SEUS was established and diurnal 
variability of rainfall became prominent, the amount of 
moisture added reduced over much of the region. Still, 
it remained incredibly high in magnitude. The amount 
of water added highlights a critical aspect not previously 
addressed in similar irrigation studies: Few, if any, stud-
ies have indicated the volume of water added to the soil 
column.

Fig. 2   Flowchart depicting irrigation parameterization within the 
model
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For the monthly climatology, irrigation manifested in 
precipitation (IRR–CTL) in a mostly local manner, both 
temporally and spatially (Fig. 4). The impacts of irriga-
tion were most pronounced during the irrigated period 
(Fig.  4e–j). During this time, there was a pronounced 
decrease in precipitation above and adjacent to irrigated 
cells, on the order of 1  mm/day. The sole exception is 
in June, in which most of the region has an increase in 
precipitation. There was also an increase in precipita-
tion (again on the order of 1  mm/day) in non-irrigated 
areas. It is postulated that these patterns are connected 
via some physical mechanism—likely owing to enhanced 

atmospheric stability stemming from the altered thermal 
properties of the moistened surface. These will be dis-
cussed in greater detail in Sect. 4. Irrigation impacts on 
the SEUS climate also appeared to manifest during the 
non-irrigated season as well (Fig.  4a–d, k, l), though 
the changes do not seem to follow the same patterns as 
during the irrigated months. While this study makes no 
attempt to attribute a physical mechanism to the off-sea-
son changes, we hypothesize that the mechanisms could 
be analogous to other drivers of precipitation change, 
such as translation speed and intensity of passing cold 
fronts.

Fig. 3   Monthly average total 
water added to the soil column
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Changes in diurnal precipitation (IRR–CTL) mirrored those 
of monthly averaged during the irrigated period (Fig.  5e–j). 
This was an expected response as diurnal precipitation became 
stable and pronounced during the irrigated period. Despite 
changing the amplitude of diurnal precipitation, irrigation did 

not appear to have an impact on the phase of the diurnal ampli-
tude. This suggests that the changes in precipitation owing to 
irrigation are not led by one particular mechanism, and instead 
represent an integrated change (which will be further dis-
cussed in Sect. 4). From November to April, the changes in 

Fig. 4   Monthly average precipitation differences (IRR–CTL)



The impact of an extreme case of irrigation on the southeastern United States climate

1 3

diurnal precipitation lack appreciable spatial coherence in both 
change in amplitude and phase (Fig. 5a–d, k, l). This is owing 
to relatively weak diurnal variations of precipitation during 
non-irrigated months in the SEUS.

To understand the nature of precipitation changes caused 
by irrigation, we binned precipitation events by magni-
tude (Fig. 6). Bins are separated into 1 mm/day intervals. 
We confined our binning to areas over irrigated cells only, 

Fig. 5   Diurnal precipitation amplitude differences (IRR–CTL). Overlaid vectors indicate the time of maximum rainfall in the IRR simulation 
(red) and CTL simulation (black). When only one vector is visible, IRR and CTL timing are coincident
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as the impacts of irrigation are primarily seen locally in 
space. In the irrigated season, with the sole exception of 
June, there is a decrease in 0–10 and 20 + mm/day events. 
In each of the irrigated months, there are isolated bins 
where increases in events are seen, however these are over-
whelmed by the net decrease in other rainfall events. Again 
it is noted that June generally sees an increase in most pre-
cipitation events. The response in non-irrigated months 
is less cohesive; in January, and November there is a net 
decrease in nearly all precipitation events, yet in February 
there is a net increase. Thus, these results suggest that there 
it is a decrease in frequency of small precipitation events 
(on the order of 1–10 mm/day) that drive the reduction in 
rainfall during the irrigated season, over irrigated cells.

In order to further understand the reduction in rainfall, 
we computed moisture budgets over all irrigated cells 

during the irrigated period (Fig. 7). Terms of the moisture 
budget are computed as in Selman and Misra (2015). At 
the onset of the irrigated period, IRR precipitation remains 
close to CTL, however there is an increase in evaporation 
and a corresponding decrease in runoff beginning around 
1400 UTC. There is also a slight increase in stationary 
moisture flux convergence. In May, the changes in evapo-
ration and runoff seem to balance each other, causing the 
IRR residual transient moisture flux convergence (TMFC) 
to remain close to CTL. From June to August (Fig. 7f–h) 
the reduction in runoff is greater than the increase in 
evaporation with an associate increase in TMFC 1600 
UTC (smaller negative TMFC in IRR relative to CTL 
in Fig.  7f–h means there is less transient moisture flux 
divergence in the former). Therefore despite a net reduc-
tion in moisture flux divergence and an increase in surface 

Fig. 6   Binned difference (IRR–
CTL) in daily precipitation 
events. Bins are separated into 
1 mm/day intervals
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evaporation in the irrigated cells in IRR relative to CTL, 
there is a net reduction of rainfall in the former relative to 
the latter, which at the outset is counterintuitive. However 
we will elaborate further on this reduction in the irrigated 
cells later in Sect. 4 after discussing the differences in sur-
face temperature.

3.2 � Surface temperature

Because irrigation has altered precipitation, and thus by 
extension cloud cover and radiative and turbulent fluxes, 
we should expect to see a response in average tempera-
tures. Monthly averaged maximum 2-m temperatures have 
a noticeable decrease over the irrigated period, with reduc-
tions on the order of 0.5 K (Fig. 8). In contrast with precip-
itation, the effects of irrigation are readily apparent in non-
irrigated months, though the decreases in monthly average 
temperatures are small compared to the changes found in 

the irrigated months. Outside of the irrigated areas and 
across all months, it is difficult to make a coherent deduc-
tion on change between IRR and CTL (except near the 
western and northern boundaries of the regional domain; 
Fig. 8). The notable differences on the western and north-
ern boundaries likely stem from the lateral boundary condi-
tions’ lack of consideration for irrigation. Because there are 
irrigated boundaries in the RSM (Fig. 1) we should expect 
that some potential discontinuities will exist in the near-
boundary relaxation process, and indeed they do manifest 
in such a way. However, because we believe these areas to 
be computational, rather than physical, we omit discussion 
of them and choose to focus primarily on the results farther 
away from the boundaries. In order to determine the cause 
of this change in the mean surface temperature between the 
IRR and CTL integrations, we begin by analyzing the diur-
nal maximum temperatures (Fig. 9) and the diurnal mini-
mum temperatures (Fig. 10).

Fig. 7   All terms of the moisture budget for IRR–CTL. For convenience of comparison, both the stationary moisture convergence (SMFC) and 
local storage are scaled by 10. The transient moisture flux convergence (TMFC) is computed as a residual of all terms
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During the onset of the irrigated period (May), diurnal 
maximum temperatures change (IRR–CTL) slightly except 
in Florida, where temperatures rise substantially in IRR 
relative to CTL (Fig.  9e). In fact, across the entire year, 
surface temperatures over Florida increase, likely owing to 

the corresponding reductions in precipitation seen in Fig. 5. 
By reducing precipitation we have also reduced cloud 
cover (Fig.  10) and increased insolation. As we will dis-
cuss in Sect. 4, into June, many of the irrigated cells in the 
northeastern portion of the domain cool in IRR compared 

Fig. 8   As in Fig. 4, but for temperature
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to CTL, despite the corresponding reduction in precipita-
tion (Fig. 9f). However, as the irrigated season progresses, 
localized warming in diurnal maximum temperature is 
seen over the irrigated cells, again owing to a reduction 
in precipitation and cloud cover in IRR relative to CTL. 

In conjunction with the increase in cloud cover in other 
non-irrigated areas (Fig. 10), there is an overall reduction 
in diurnal maximum temperatures over most non-irrigated 
areas during the irrigated months with the exception in 
September (Fig.  9i). During non-irrigated months there is 

Fig. 9   As in Fig. 5, but for diurnal maximum temperatures
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moderate reduction in diurnal maximum temperature in 
the IRR run (Fig. 9b, c, j, k, l), owing primarily to overlap-
ping increases in low cloud coverage (Fig. 10b, c, j, k, l).  
Throughout the year, the phase of the diurnal maximum 

temperature does not change significantly between IRR and 
CTL. These patterns of change in diurnal maximum tem-
peratures between the two model integrations are reversed 
over Florida in analyzing the changes in diurnal minimum 

Fig. 10   Difference (IRR–CTL) in low cloud coverage, expressed as a percent of total sky coverage
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temperatures (Fig. 11). Over irrigated cells, the differences 
in the diurnal minimum temperature between IRR and 
CTL is not as systematic, with months of July (Fig.  11g) 
and August (Fig. 11h) showing some cooling while in May 
(Fig.  11e) and June (Fig.  11f) showing some warming in 

IRR integration. Areas of warming and cooling are both 
present in areas of cloud cover reduction, thus it becomes 
necessary to break the energy budget down further to 
understand the mechanisms of change. Interestingly, these 
analyzed changes do not reconcile the changes in seasonal 

Fig. 11   As in Fig. 9, but for diurnal minimum temperatures
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average surface temperatures seen in Fig. 8, which exhibit 
uniform cooling across all irrigated cells. It is likely, then, 
that the cooling seen in the monthly averages is driven by 
changes across other timescales. In fact, analysis of all 
timescales reveals that no one time scale directly contrib-
utes to the cooling seen in the monthly averages, implying 
that irrigation impacts temperatures across all time scales.

In order that we may understand the mechanisms of 
temperature change we computed the heat budget (Fig. 12) 
over all irrigated cells and compared it with the CTL simu-
lation. Throughout the entirety of the irrigated period, the 
largest changes can be seen in the partitioning of sensible 
heat flux (SHF) and latent heat flux (LHF). As expected 
from our above results, LHF increases substantially in 
IRR (on the order of 60 W/m2). There is also a moderate 
increase net shortwave flux during the summer months in 
the IRR run (Fig. 12f–h), which is to be expected accom-
panying a reduction in the low cloud cover (Fig. 10). As a 

consequence of the repartitioning of energy in LHF, there is 
a corresponding decrease in the SHF in the IRR integration. 
This repartitioning likely drives the bulk of the cooling in 
the mean state. However there is a consistent increase in 
the negative values of the ground heat flux (GHF) in the 
IRR run. The reduction in GHF can be attributed to the 
increased sub-surface soil moisture. The addition of water 
to the subsurface soil (root zone) layers impacts the ground 
heat flux by introducing a new heat sink at every time step 
to the surface temperature. Throughout the day, there is a 
net flux of heat into the sub-surface soil layers (from the 
top soil to the root zone). During the daytime, this addi-
tional downward transport is exceeded by the increase in 
insolation, driving the daytime warming over the irrigated 
cells. But at night, with no solar insolation to compensate, 
the downward heat transport of the GHF adds to the sur-
face temperature cooling induced by the repartitioning of 
energy into LHF. However, as noted above, some irrigated 

Fig. 12   All terms of the heat budget for IRR–CTL. The signs of each 
term follow meteorological conventions, with positive values of latent 
heat flux (LHF), sensible heat flux (SHF) and longwave flux (LWF) 

indicating upward, and positive values of shortwave flux (SWF) and 
ground heat flux (GHF) indicating downward. Temperature is also 
included, but is scaled by ten for visibility purposes
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cells also undergo a nighttime warming, implying that the 
altered thermal properties of the darker soil may still play 
a significant role in driving nighttime warming, as in Kan-
amaru and Kanamitsu (2008).

4 � Atmospheric stabilization

In order to identify the causes behind the simulated reduc-
tion in precipitation and associated adjustments to the 

Fig. 13   As in Fig. 8, but for the lifted index (LI). Positive (negative) values indicate an atmosphere tending more toward stability (instability)
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surface energy budgets, we analyzed atmospheric stability. 
For this study we chose to analyze the lifted index (LI). 
LI is computed by lifting a surface parcel dry-adiabatically 
from the boundary layer to its lifting condensation level, 
then moist-adiabatically to 500  mb. Negative (Positive) 
values of LI tend toward atmospheric instability (stability); 
thus, in the simulated stable atmosphere we should expect 
higher values of LI in the irrigated run (Fig.  13). Indeed 
we found that during the irrigated period LI was higher 
over our irrigated regions (Fig.  13e–h). Notably, in June, 
there is a substantial decrease in LI over Southern Florida, 
which in part explains the increase seen in precipitation 
(Fig.  4f). The increase in LI persists annually, signifying 
a long-term impact of irrigation in atmospheric stabil-
ity. However, in months where precipitation variability 
is primarily driven by transient frontal systems the local 
stabilization of the atmosphere is overridden by the less-
stationary nature of rainfall. In non-irrigated areas there is 
generally a reduction in the LI, coincident with the simu-
lated increase in precipitation (Fig. 13a–c, f, i–l). A nota-
ble exception to this is the month of July, in which there 
is a near region-wide increase in LI (Fig. 13g). This result 
appears to be consistent with an overall reduction in low 
cloud cover (Fig. 10g), though the exact mechanism is not 
known.

The results presented in this study seem counterintui-
tive to those performed over other regions, including the 
California Central Valley. To investigate why these results 
are unique, we must determine the limiting factor of local 
hydrology. The SEUS is an energy limited regime, which 
manifests in relatively smaller influence of irrigation on 
local precipitation. Since the correlation between precipita-
tion and evaporation over irrigated cells is relatively insig-
nificant (Fig.  14 of supplementary material), it suggests 
that water added to the soil column will not produce a cor-
responding increase in precipitation. Addition of irrigation 
water to soil does not alter this correlation significantly, and 
as such we only show the correlation for the mean growing 
season of May–October of the control run. This energy lim-
ited regime result is in direct contrast with the California 
Central Valley, which is a moisture limited regime, owing 
to the region’s arid conditions.

5 � Impact of irrigation on simulation validation

Lastly, we turn our attention to how irrigation impacts the 
validation of our simulations. While it is true that no irri-
gation of this magnitude occurs in the SEUS, we can still 
see how our overall root mean square errors (RMSE) of 
our simulations are impacted by the application of irriga-
tion. We validate our model against the observation data 
used in Selman and Misra (2015); Temperature data for the 

period spanning 1990–1999 is taken from the North Ameri-
can Land Data Assimilation System (NLDAS; Cosgrove 
et  al. 2003) and precipitation data from the NCEP stage-
IV Radar-derived (stage IV; Lin and Mitchell 2005) rainfall 
product for the period 2003–2010. The rainfall data is not 
coincident with our simulation, as stage IV is only avail-
able starting in 2002. However, Dai et al. (1999) noted cli-
matological stationarity in the diurnal features of precipita-
tion (e.g., amplitude, phase and spatial patterns) which are 
unambiguously extracted from both observation and simu-
lation using the Ensemble Empirical Mode Decomposition 
(EEMD) of Wu et al. (2011).

Figure 16 of supplementary material depicts a monthly 
time-series of total surface temperature RMSE averaged 
over all irrigated cells in both CTL and IRR. Application 
of irrigation to the surface does not appear to have a strong 
impact in either reducing or increasing the RMSE of sur-
face temperatures over irrigated cells. Ostensibly, this is 
related to the simulated irrigation’s small impact on overall 
surface temperatures in the SEUS. When the temperature 
signal is decomposed into its diurnal component, a simi-
lar result is found (not shown). We do note, however, that 
there does seem to be a moderate reduction (on the order 
of 0.4 K) in RMSE of diurnal temperatures over peninsular 
Florida as irrigation is applied (not shown.)

Diurnal precipitation RMSE, on the other hand, seems 
to have a much more pronounced response (Fig. 17 of sup-
plementary material), with an across the board decrease in 
RMSE. It would appear that the irrigation-induced stabili-
zation of the atmosphere serves to mitigate a positive bias 
in diurnal precipitation present in our model. This area 
average is somewhat misleading, however, as the reduction 
in RMSE is not universally found over the irrigated areas. 
When we plot a spatial map in the change in RMSE for, 
say, 2 months with the lowest RMSE in IRR, we find that 
the RMSE response is heterogeneous in space and time 
(Fig. 18 of supplementary material).

6 � Summary and conclusions

In this study, simulated results of an extreme irrigation 
case (where irrigation is set to 100 % of field capacity from 
May through October) were compared against a non-irri-
gated control run over the SEUS. Studies on this subject 
in other regions indicated a warming of nighttime tempera-
tures due to increased thermal capacity of moist soil, and 
cooling of daytime temperatures owing to increased cloud 
cover. However, over the SEUS our study indicated oppo-
site results-nighttime temperatures cooled and daytime 
temperatures warmed. These two changes do not explain 
the staunch cooling tendency seen in the monthly aver-
aged temperatures. It was determined that the pronounced 
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cooling manifests across all timescales. In order to under-
stand the mechanisms behind these phenomena, surface 
heat and moisture budgets at hourly interval were com-
puted. It was found that SHF and LHF compensated their 
respective decreases and increases, and SWF increased 
at the surface. During the day, the increase in SWF (as a 
result of less cloud cover) led to an increase in daytime 
temperatures, and at night an enhanced downward trans-
port in GHF led to nighttime cooling over some irrigated 
regions. In other regions, the darker soil and reduction in 
daytime cloud cover caused warming similar to that of 
Kanamaru and Kanamitsu (2008). The overall decrease in 
temperature led to a large-scale stabilization of the atmos-
pheric column that persisted through the year, resulting in 
an overall reduction in cloud cover and by extension pre-
cipitation over irrigated areas seen in both the diurnal and 
monthly averaged values. These changes progress into a 
positive feedback loop wherein increasing column stability 
leads to further reduction in rainfall. Because rainfall has 
reduced, there is a concomitant reduction in cloud cover 
and increase in downwelling shortwave flux. The increase 
in shortwave flux then leads to a warming of daytime tem-
peratures. At night, owing to the reduced cloud cover, there 
is an increased loss of LWF. Alongside this, there is also an 
increased downward transport of GHF. The two processes 
combined bring a reduction in nighttime temperatures. The 
reduction of the cloud fraction in the IRR run is on account 
of a couple of reasons: (a) the reduction of detrained con-
densed water from convection and (b) increased stability 
of the atmosphere in the lower troposphere, which results 
in the reduction of the diagnosed cloud cover as it fails to 
meet the threshold stability criterion despite the relative 
humidity criterion being met. The feedback emerges here, 
as cooled nighttime temperatures enhance local atmos-
pheric stability. This feedback process is summarized in 
Fig.  15 of supplementary material. This loop, however, 
does not become a runaway positive feedback loop. Excess 
heat from the daytime temperatures is transported down-
ward into the deep soil layers, causing the overall mean 
cooling of temperatures shown in Fig. 8. The deep soil tem-
peratures take on the bulk of the warming, and because of 
their heat sink nature, warm slowly over time. In addition 
to these results, we showed that maintenance of 100 % field 
capacity irrigation requires an unrealistic amount of water 
to be maintained through the growing season; on the order 
of about a 200 m depth of water is added. Previous stud-
ies have neglected to consider this, and it is indeed pos-
sible over drier regions like the California Central Valley 
that even more water is being applied than in the SEUS. 
These results highlight the impact on SEUS climate from 
an extreme case of sub-surface irrigation.

Despite that, we have found that the mechanisms and 
features of climatology change owing to irrigation are 

regionally unique owing to the nature of limiting factor 
of hydrology; in the case of the California Central Valley, 
hydrology is moisture limited. We have demonstrated, how-
ever, that the Southeast is not moisture limited, but energy 
limited; the addition of water to the surface in the Southeast 
will not directly contribute to enhanced precipitation over 
the region as it would in California. It is possible, too, that 
sub-regional dependencies exist. For instance, irrigation 
near topographical features may produce different changes 
in precipitation than irrigation in a coastal region because 
of the different drivers of rainfall. If we are to correctly cap-
ture anthropogenic influence on climate we must make sure 
that localized land/atmosphere feedbacks from agriculture 
are considered. This becomes difficult in GCMs, as differ-
ent crop specifications must be made over different areas, 
however it is not outside the realm of possibility that an 
average crop specification would be usable. Within regional 
models more rigorous treatment for agriculture should be 
considered, as temperature or precipitation changes caused 
by irrigation could mask out or exaggerate broader climate 
change features. Treatment of irrigation within our model 
was found to have minimal impact on overall temperature 
simulation, but a noticeable impact on diurnal precipitation 
simulation. While this result is somewhat artificial (owing 
to the exaggerated presentation of irrigation) it still indi-
cates that treatment of irrigation can be crucial in managing 
biases of simulations.

Importantly, these results have a number of uses for poli-
cymakers and stakeholders. The biggest such use would 
rely on improving the irrigation routines further, such that 
they could consider actual crop growth and rotation. Pend-
ing this, planners could determine optimum schedules for 
irrigation. Present wisdom indicates that irrigation at night, 
to reduce water loss from evapotranspiration, is ideal, but 
if these results are taken as canonical we may see an accel-
erated cooling of the surface (owing to the partitioning of 
latent and sensible heat flux and the enhanced ground heat 
flux) that leads to an even more pronounced stabilization 
of the atmosphere. Further, optimal spatial distribution of 
irrigated areas can be derived using different land-surface 
maps. Spreading irrigation out in smaller, non-adjacent 
cells could cause a different, less homogenous response 
in temperature change, and by extension atmospheric 
stabilization.

In the future, our work will consider more realistic per-
centages of field capacities on the order of 25–50 %; val-
ues that are in line with those of the dominant crops of the 
SEUS. Because crops are not grown uniformly in time, we 
are seeking to understand the sensitivity of SEUS climate 
to varying the vigor of irrigation. We speculate that similar 
changes found in this study will be present at lower per-
centages, though their magnitude should be considerably 
reduced. However, at the lower percentages it is possible 
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that the dominant mechanisms of change identified in this 
study may not manifest, and changes that occur could be 
fundamentally different due to inherent non-linearities.
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