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ABSTRACT

This article presents a new irrigation scheme and biome to the dynamic vegetation model, Integrated

Biosphere Simulator (IBIS), coupled to version 3 of the Regional Climate Model (RegCM3-IBIS). The new

land cover allows for only the plant functional type (crop) to exist in an irrigated grid cell. Irrigation water

(i.e., negative runoff) is applied until the soil root zone reaches relative field capacity. The new scheme allows

for irrigation scheduling (i.e., when to apply water) and for the user to determine the crop to be grown. Initial

simulations show a large sensitivity of the scheme to soil texture types, how the water is applied, and the

climatic conditions over the region. Application of the new scheme is tested over West Africa, specifically

Mali and Niger, to simulate the potential irrigation of the Niger River. A realistic representation of irrigation

of the Niger River is performed by constraining the land irrigated by the annual flow of the Niger River and

the amount of arable land in the region as reported by the Food and Agriculture Organization of the United

Nations (FAO). A 30-yr simulation including irrigated cropland is compared to a 30-yr simulation that is

identical but with no irrigation of the Niger. Results indicate a significant greening of the irrigated land as

evapotranspiration over the crop fields largely increases—mostly via increases in transpiration from plant

growth. The increase in the evapotranspiration, or latent heat flux (by 65–150Wm22), causes a significant

decrease in the sensible heat flux while surface temperatures cool on average by nearly 58C. This cooling is felt
downwind, where average daily temperatures outside the irrigation are reduced by 0.58–1.08C. Likewise, large
increases in 2-m specific humidity are experienced across the irrigated cropland (on the order of 5 g kg21) but

also extend farther north and east, reflecting the prevailing surface southwesterlies. Changes (decreases) in

rainfall are found only over the irrigated lands of west Mali. The decrease in rainfall can be explained by the

large surface cooling and collapse of the boundary layer (by approximately 500m). Both lead to a reduction in

the triggering of convection as the convective inhibition, or negative buoyant energy, is never breached.

Nevertheless, the new scheme and land cover allows for a novel line of research that can accurately reflect the

effects of irrigation on climate and the surrounding environment using a dynamic vegetationmodel coupled to

a regional climate model.

1. Introduction

Over many semiarid regions across the world, the

practice of irrigation offers the opportunity to supply

water for crop growth that would otherwise be unfea-

sible. Many modeling studies have investigated the ef-

fects of this anthropogenic forcing on regional climate’s

across the globe (e.g., Segal et al. 1998; Lobell et al. 2009;

Marcella and Eltahir 2012). Namely, Pielke et al. (2007)

provides a large overview and review of the direct and

indirect effects of irrigation on regional climates. How-

ever, few, if any, have coupled an irrigation scheme to

a dynamic vegetation land surface model, such as the

Integrated Biosphere Simulator (IBIS). Doing so pro-

vides the unique opportunity to investigate the effects

on vegetation competition and environment outside of

the irrigated crop region due to climate changes caused

by the irrigation.

In this work, the authors first describe a new irri-

gation scheme and biome added to the land surface

model (IBIS) of the Regional Climate Model, version 3

(RegCM3). The performance of the irrigation scheme is

then evaluated based on changes to land surface features

and fluxes such as soil moisture, evapotranspiration, leaf

area index, canopy height, and water requirements. Fi-

nally, a case study using the new scheme is performed
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overMali andNiger by adding the irrigation of theNiger

River. By comparing a simulation with irrigation to one

without, the analysis is completed in determining the

effects of potential irrigation on the surface climate of

the Sahel in West Africa.

2. Adding an irrigation scheme to IBIS

a. Biome description

In its original formation, IBIS has 16 biomes—15

natural land covers and 1 anthropogenic land cover

(cropland) (Foley et al. 1996; Winter and Eltahir 2010).

Respectively, there are 13 naturally occurring plant

functional types (PFTs) that can occupy the natural bi-

omes and one human-grown plant type, a crop that can

live in the cropland biome. The crop plant parameters

(phenology thresholds, photosynthesis rates, etc.) are

based on the properties of corn and are taken from the

work of Kucharik et al. (2000). Over West Africa, the

use of corn may not be the most adequate plant type to

use, as millet and sorghum are the widespread crops

grown. While any PFT can compete in any natural bi-

ome, only the crop PFT can exist in a cropland. Fol-

lowing this work, a new anthropogenic biome is added to

RegCM3-IBIS: irrigated cropland. The only PFT al-

lowed in the new biome is a crop (for which the physi-

ology and phenology parameters can be specified). Given

its anthropogenic characteristics, irrigated cropland (like

cropland) will remain an irrigated cropland even when

RegCM3-IBIS is run in dynamic vegetationmode; that is,

the land cover is considered a static biome. Similarly, the

crop PFT is allowed to grow all year with seeds planted in

January; however, given its high water needs, over the

Sahel and Sahara, crops are largely constrained during

nonirrigated periods of the year. In addition, irrigation

scheduling (i.e., applyingwater at certain times of the day,

week, month, or year) is also allowed. Here, irrigation is

assumed to occur from May–September (at every time

step), since this is the growing season of most crops in

Mali and Niger (Frenken and Faures 1997).

b. Water application and water balance

Presented in Fig. 1 is a schematic illustrating the

principal hydrological components and fluxes for an ir-

rigated cropland. Essentially, the change in storage DS,
or the soil moisture of a layer, is calculated based on the

amount of precipitation P that falls and subsequently

infiltrates a given layer, minus that which runs off, runoff

R. and that which evaporates from the bare ground and

canopy or transpires through plants, evapotranspiration

(ET). Therefore, by specifying a set value for the root

zone soil moisture, in terms of its relative saturation srz

(volumetric soil moisture divided by porosity), one can

calculate the amount of water needed to irrigate (I)

a region to a set soil moisture value.

Here, this set soil moisture value s, the relative soil

saturation, is assumed to be the relative field capacity,

which is the field capacity ufc divided by the porosityf of

a soil layer. A similar approach to modeling irrigation

via saturation to field capacity has been carried out by

several other studies (Adegoke et al. 2003; Haddeland

et al. 2006; Kueppers et al. 2007). Both ufc and f for the

four layers that constitute the root zone (the top 1m

of soil) are given based on the observational soil tex-

ture input datasets of IBIS. From these four layers,

a weighted (based on the depth of each of the four

layers) average root zone relative soil saturation of field

capacity is computed. For each time step in which irri-

gation is active, the root zone is then forced to this rel-

ative soil saturation value by adding I or 2R0 irrigation
water (i.e., negative runoff) to the root zone. The neg-

ative runoff value is important not only to conserve the

water balance of the column but also as a diagnostic to

calculate the total water needed for irrigation.

The step by step computations for the irrigation

scheme are as follows (please refer to Fig. 1 for a sche-

matic explanation of the required variables and calcu-

lated values):

1) Calculate the actual water in the root zone (rz; i.e.,

the top 1m) termed root_wat, where u is the volu-

metric soil water content, h is the depth of the soil

layer, and z the soil layer level:

root_wat5 �
rz

z50

uzhz . (1)

2) Determine the maximum water that can exist in the

root zone (gwmax) where f is the porosity of each

soil layer:

gwmax5 �
rz

z50

fzhz . (2)

3) Find the weighted average root zone relative soil

saturation at field capacity (rel_fc):

rel_fc5 �
rz

z50

ufc
z

fz

. (3)

4) Compute the fraction of water already in the root

zone (frac_wat), which is the relative soil saturation

of the root zone:

frac_wat5
root_wat

gwmax
. (4)
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5) If frac_wat is less than rel_fc, then irrigated water is

required and the amount of water needed to bring to

the relative field capacity is calculated (wat_req):

wat_req5 root_wat2 (rel_fc)(gwmax). (5)

6) Add water relative to each soil layer’s depth hz/hrz to

update the relative soil saturation from s0 to s00 for
each layer:

s005

2
4(hz/hrz)(2wat_req)

hzfz

3
51 s0 . (6)

7) Add wat_req as (negative) runoff:

R5R1wat_req. (7)

8) Repeat for each time step (or scheduling time step).

FIG. 1. (top) Schematic showing the principle components of the irrigation scheme in

RegCM3-IBIS, where P is precipitation, ET is evapotranspiration, R is runoff, I is irrigated

water supplied, S is storage, srz is the relative soil saturation in the root zone (1m), ufcrz is the

root zone’s volumetric soil moisture at field capacity, andfrz is the root zone porosity. (bottom)

Schematic illustrating the important soil depths and soil moisture/water values needed to

transition from a dry soil to an irrigated soil column. Note that z is the reference value of each

specific soil layer depth in the column (0.10, 0.25, 0.75, 1.00, and 2.00m), and h is the depth of

each of the soil layers (0.10, 0.15, 0.50, 0.25, and 1.00m).
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It is important to note that the scheme does not result

in each layer’s soil moisture being at that layer’s actual

relative field capacity. Rather, the entire root zone is at

the root zone’s weighted average relative field capacity.

As a result, this difference causes relative soil saturation

values of the top two layers to be larger than the bottom

two layers, which has higher relative field capacities than

the top layers, as more water is now applied in the top

two soil layers. This assumption is more consistent with

flood irrigation where water is applied to the surface.

In addition to land constraints, irrigation is limited by

the actual flow of theNiger River. Figure 2 quantifies the

total annual water required by the irrigation scheme for

each grid cell as well as highlighting the effect of soil

texture and climate on the water requirements. With

each 30 km 3 30 km grid cell requiring between 0.5 and

0.8 km3 yr21, the total water needed to irrigate over this

region is 21 km3 yr21; this value is significantly less than

the total annual flow of the Niger River (approximately

70 km3 yr21). Moreover, it can be seen in the farther

north region, which is drier, that more water needs to be

supplied. In addition, the amount of water required is

largely a function of the soil texture. That is, in regions

with higher clay and silt values, the water requirements

are larger. The larger water requirements are a direct

result of clay and silt having larger field capacities. With

larger values, these texture types can hold more water

and therefore the soil moisture values at field capacity

are larger.

3. Experimental design

A 30-yr simulation of RegCM3-IBIS, centered at

148N, 38E and 30-km resolution, with 180 points in the

zonal and 200 points in the meridional direction using

a Mercator projection is performed over West Africa.

The first year of simulation is used as model spinup and

therefore not used in analysis. The domain covers most

of West Africa from the Mediterranean Sea in the north

to the Congo and Atlantic Ocean in the south. Figure 3

represents the model domain and vegetation biomes.

The prescribed vegetation biomes are taken from the po-

tential natural vegetation dataset of Foley et al. (1996)

with cropland added from the work of Ramankutty and

Foley (1998); the simulation is performed in static veg-

etation mode, meaning biomes are not allowed to

evolve over time. The Grell scheme is chosen to model

moist convection within RegCM3-IBIS with the Fritsch

and Chappell closure employed (Grell et al. 1994). All

other physics packages used in these simulations are

of the standard configuration of RegCM3-IBIS. Pal

et al. (2007) offers a comprehensive overview and de-

scription of RegCM3 and its capabilities. The dynamic

vegetation model (IBIS) adds several layers of

FIG. 2. Total annual water (km3 yr21) required to irrigate each grid cell and the soil texture types (percent clay,

sand, and silt) over the region. Note that the black outlined areas represent those that are irrigated cropland in the

irrigation experiment.
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increased sophistication when compared to other

land surface models, such as Biosphere–Atmosphere

Transfer Scheme (BATS) of Dickinson et al. (1986). To

begin with the model includes six soil layers down 2m

from the surface as well as representations for soil

biogeochemistry, vegetation dynamics, and vegetation

phenology. The authors refer readers to Winter and

Eltahir (2010) for a more detailed model description.

FIG. 3. (top) RegCM3-IBISmodified vegetation domain implemented for ICONT, reflecting

altered land cover (to irrigated cropland, red-orange grid cells) for ICONT over the Niger

River basin region ofMali and Niger. (bottom)Map showing the Niger River and its basin. The

river begins in the wet highlands ofGuinea before traversing northward to the dry Sahel inMali

and Niger before bending back southward, reaching its outlet in the Gulf of Guinea in Nigeria.
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Initial and boundary conditions are implemented

from the 40-yr European Centre for Medium-Range

Weather Forecasts (ECMWF) Re-Analysis (ERA-40)

dataset for the period of 1972–2002 (Uppala et al. 2005).

Lateral boundary conditions (LBCs) were forced by

applying the sponge relaxation of Perkey andKreitzberg

(1976). SSTs are prescribed to RegCM3 from the Met

Office Hadley Centre Global Ice Coverage and Sea

Surface Temperature (GISST) optimally interpolated

dataset (Rayner et al. 2006). The SST datasets are 18 3 18
monthly resolution and are based on in situ and satellite

observations. This simulationwill be hereafter referred to

as CONT.

According to a 1997 Food and Agriculture Organi-

zation of the United Nations (FAO) report analyzing

irrigation potential in Africa, nearly 30 000 km2 of land

in the Niger River basin can be irrigated (see Fig. 3).

Based on the arable land over the region of Mali and

Niger, a RegCM3 simulation is completed where 33 grid

cells (approximately 29 700 km2) are altered to irrigated

cropland. This region is located along the bend of the

Niger River in the countries ofMali and Niger (shown in

Fig. 3). A 30-yr simulation is performed where the open

shrubland, grasses, and desert grid cells of the upper

Niger River in Mali and Niger are converted to irrigated

cropland (Fig. 3). Other than the irrigated croplands, the

domain setup and configuration is identical to CONT

and will be hereafter referred to as ICONT.

4. Performance of baseline model to observations

In efforts to show that RegCM3-IBIS can accurately

model most of the surface features that will be examined

in this work, presented below are results from the con-

trol’s (no irrigation) 30-yr simulation compared to

observations. First, surface (2m) temperature and pre-

cipitation are presented and compared to seasonal ob-

servations in latitude–longitude plots using the Climate

Research Unit (CRU)’s interpolated gridded datasets

for surface monthly temperature and precipitation

(Mitchell and Jones 2005). Then, zonally averaged,

monthly model results are measured against a suite of

different observational datasets for temperature, pre-

cipitation, shortwave and longwave radiation, and hu-

midity.

a. Summer average daily temperature

Shown in Fig. 4 is boreal summer [June–August

(JJA)], seasonally averaged 2-m temperatures for CRU

observations and the CONT simulation. As seen in Fig. 4,

RegCM3 does well in simulating the JJA reverse me-

ridional temperature gradient, with maximum temper-

atures close to 408C found in northern Mali and the

Sahara Desert in both observations and model output.

Conversely, by the Gulf of Guinea, local minimum

temperatures of about 228C are both present in CRU

and CONT. As a result, temperatures are within 28C

FIG. 4. Average 2-m JJA temperature (8C) for CRU

observations and CONT simulations and themodel bias

(CONT 2 CRU).
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throughout most of the domain and therefore within an

acceptable range. Most importantly across our region of

interest in central Mali and southern Niger, the bias is

within 18–28C.

b. Annual and monsoon season rainfall

Next, an examination of simulated rainfall totals is

completed at the annual time scale and for the peak of

the monsoon season [June–September (JJAS)] (Figs. 5

and 6). RegCM3 does well in capturing the tight rainfall

gradient across the Sahel region with yearly simulated

rainfall less than 50mm in northern Mali and Niger, yet

nearly 1m in the southern portions of both countries

(see Fig. 5). Moreover, CONT sufficiently models the

wet region of the Gulf of Guinea with rainfall totals

close to observations of 2m.However, RegCM3 exhibits

a strong dry bias by Guinea, Sierra Leone, and the Ivory

Coast. Similarly, in the eastern portion of the domain,

a pronounced dry bias occurs across Cameroon and the

Congo region. Both features are well documented in

many regional climate model (RCM) simulations over

the region (Druyan et al. 2010). Both areas have strong

topographical gradients that are not completely cap-

tured at 30-km resolution. As a result, it is believed that

orographic lifting and the resulting enhanced rainfall is

not sufficiently modeled. In any event, overall annual

rainfall biases are within 25% of observations across

most of the Sahara, Sahel, and Gulf of Guinea.

Similarly, RegCM3-IBIS sufficiently simulates the

monsoon peak (JJAS) rainfall totals over most of West

Africa (see Fig. 6). More specifically, across much of the

Sahel, CONT satisfactorily captures the 50–500-mm

gradient of rainfall from central Mali and south to

Burkina Faso—in the region where our experiments

include irrigation. Moreover, present in the annual rain-

fall as well, a noticeable dry bias across the coastal

mountain regions of Guinea and Cameroon is plainly

seen, with annual rainfall on the order of 500mm. Since

these two locations receive nearly 2m of rainfall during

this time of the year, the bias is about 35% across these

highlands. Overall, it is shown that RegCM3-IBIS is able

to reproduce adequately both spatial patterns as well as

magnitudes of West African rainfall and temperature.

5. Performance of irrigation scheme

Further analysis on the monthly time scale is carried

out for a grid cell (centered at 16.58N, 38W) that is

modified from an open shrubland to an irrigated crop-

land (Fig. 7). With irrigation beginning in May and

ending in September, the figure shows that supplied

water ranges from 3 to 8mmday21 depending on the

month. Early in the season (May), when the ground is

dry, the irrigation scheme must add the most water to

bring the soil moisture level to field capacity. After this

initial supply, the amount of water needed to maintain

FIG. 5. Average annual rainfall (mm) for CRU observations and CONT simulations and the model bias

(CONT 2 CRU) and percent bias.
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this soil moisture value decreases as the monsoon rain-

fall progresses farther northward. By August, the

amount of irrigation reaches its minimum at about

3mmday21, corresponding with the maximum rainfall

rates of 2mmday21. Another clear feature from Fig. 7 is

the effect of dry and wet years on the water supply for

irrigation. For example, 1987 represents a dry year over

this grid cell and hence significantly more water is re-

quired via irrigation. Conversely, the following year is

relatively wet as the monsoon reaches the region earlier

in the season and is somewhat stronger. Thus, the av-

erage July, August, and September water applied in

FIG. 6. As in Fig. 5, but for the monsoon peak season (JJAS).

FIG. 7. Monthly point analysis (16.58N, 38W) of a grid cell that transitions from a shrubland (CONT) to an irrigated

cropland (ICONT) for the simulated years of 1985–90. Shown are the irrigated water supplied (mmday21), rainfall

(mmday21), LAIL (m2m22), and relative soil saturation for the top and root zone layers in both CONT and ICONT.
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1988 is only 3mmday21, where in 1987 the value is

closer to 5mmday21; therefore, the amount of irrigation

required can vary by more than 150mm during the

season, depending on the climatic conditions.

Given ample water from May to September, it is

expected that significant plant growth, or greening,

would occur over the shrubland turned irrigated field

during these summer months. This result is observed

when examining the lower canopy leaf area index

(LAIL) over the grid cell in ICONT versus CONT (Fig.

7). The LAIL, a direct measure of the leaf area of a crop,

shrub, or grass, is a good proxy for plant growth and

vegetation cover in the lower vegetation canopy and will

be used as an indicator of greening (increase in LAIL) in

model simulations. With copious sunlight and sufficient

water the LAIL of ICONT reaches nearly 3 times the

value of CONT (3.1 versus 1.1m2m22). Succinctly,

crops growwith plentiful water, while shrubs and grasses

struggle in the dry conditions. Also noticeable is the crop’s

delayedonset or growingperiod, asmaximumLAILoccurs

in June even though irrigation begins in May. Likewise,

the maximum LAIL continues through October even

though irrigation has ceased. By November, the crop be-

gins to die off as the soilmoisture greatly decreases and the

LAIL drops to zero. Unlike the cropland, the shrubland

LAIL (CONT) is strongly dependent on the monsoon

rains of JJAS and responds as such. Although the shrubs

and grasses never reach the height and coverage of the

crop, it is interesting to note that in the dry season, the

LAIL of CONT is larger than ICONT (0.3 versus 0.0).

Where the crop PFT is quite water sensitive and ceases to

live in the dry months, the shrubs and grasses are able to

adapt to lower soil moisture and thus persist, in some ca-

pacity, during the winter and spring seasons.

Furthermore, Fig. 7 shows the effects of irrigation on

the soil moisture of the top soil layer (first 10 cm) and

the root zone (top 1m). Where CONT’s soil moisture

exhibits seasonality based on the monsoon, ICONT’s

soil moisture is a function of the irrigation scheduling—

from May to September—and it responds as quickly as

the water is applied (i.e., at 0.46 in May). However, the

top 10 cm sometimes does breach the relative field ca-

pacity during the rainy season as the soil becomes sat-

urated at the surface; this is not experienced, however,

throughout the root zone layer. By October, the soils

dry rather quickly and values match closely to CONT’s.

Nevertheless, the increase in relative soil saturation

ranges from 50% to 150% with the most dramatic

changes, as expected, in the drier, tail months of May

and September. These results imply a strong sensitivity

of plant growth to soil moisture values. That is,

for a 50% increase in soil moisture, a nearly twofold

increase in LAIL can occur. As a result, it is clear

that the region is largely water limited for plant

development.

Figure 8 further illustrates the performance of IBIS’s

irrigation scheme by highlighting differences between

ICONT and CONT simulations for JJA surface features

affected by irrigation: soil moisture, vegetative fraction,

lower canopy leaf area index, and plant canopy height.

As expected, the irrigated fields have relative soil satu-

ration values ranging from 0.2 to 0.4, larger than the

control; this increase is nearly a doubling of the soil

moisture over the region. The largest increases occur

across the drier northern portions of the crop land in

Mali. With increased available water, plant coverage

dramatically expands across the Mali irrigated fields

with some regions seeing a 75% increase in vegetative

fraction (see Fig. 8). Following suit, the LAIL across the

irrigation is significantly larger in ICONT and CONT.

Interestingly, the irrigated fields of Niger do no exhibit

such a large change in soil moisture, vegetative fraction,

or LAIL. These results are due to the irrigated region in

Niger already being fairly wet during the JJA season as

RegCM3-IBIS simulates the monsoon progressing this

far north as well as relative field capacity values smaller

over this sandy area. Finally, the resulting increase in

canopy height is a further indication of the greening effect

of irrigation as the Mali crop lands exhibit a 0.5–1.0-m

increase in the lower canopy height. Such results not only

help confirm that the irrigation scheme of RegCM3-IBIS

works properly, but also that irrigation over this region

could significantly alter the landscape and the surround-

ing environment of the Niger River delta.

6. Effects on West African climate

As seen in Fig. 3, the scale irrigation coverage is quite

small compared to the overall size of the domain: 33 grid

cells versus 36 000 total grid cells, which is less than a 1%

change in the domain’s land cover. Therefore, analysis

focuses on local, surrounding climate change effects.

The discussion that follows details the effects on the

local surface energy, hydrology, and climate features

caused by irrigation of the upper Niger. Analysis is

kept to boreal summer (JJA; Table 1) as irrigation only

occurs two months outside of this period (May and

September). Likewise, during these months the mon-

soon rarely reaches these regions. Thus, when examin-

ing September through May, little change was found in

any of the climatic fields.

a. Surface energy fluxes and hydrologic cycle

Figure 9 shows the effects of irrigation on the summer-

time daily 2-m temperatures. When including irrigation,
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the resulting drop in daily temperature over the irrigated

croplands is quite dramatic; an average cooling of nearly

58C occurs throughout all the irrigated grid cells. How-

ever, the temperature decrease is not just felt in the ir-

rigated fields. Seen in Fig. 9 is the 0.58–18C daily cooling

that occurs to the north and east of the irrigated fields in

Mali and Niger. With prevailing southwesterly winds,

advection of the cooler air over the irrigated fields oc-

curs across this region.

Introduction of irrigation results in a darkening of

surface albedo, a cooling of surface temperatures, and

an increase inmoisture in the atmosphere.With a darker

surface, the absorbed shortwave radiation increases

across the irrigation. In contrast, the outgoing net long-

wave radiation decreases as temperature cooling reduces

upward longwave radiation and additional water vapor

increases downward longwave radiation. Thus, the

resulting net radiation over the irrigated fields increases

25–70Wm22. These changes lead to a decrease in the

sensible heat flux by 40–80Wm22 (Fig. 9). However, to

compensate for the additional net radiation and the re-

duction in sensible heat, the latent heat flux largely in-

creases over the irrigated croplands by 65–150Wm22

(see Fig. 9).

Examining the change in evaporation and transpira-

tion in the increased ET field indicates that additional

transpiration via crops contributes more than increased

evaporation (not shown). Evapotranspiration increases

nearly 2–4mmday21 fromMay through September with

nearly 2–3mmday21 attributed to increased transpira-

tion. Without irrigation, the partitioning between evap-

oration and transpiration is nearly equal. These results

are consistent with significantly larger LAIL values in

ICONT than CONT. Interestingly, the largest increase in

evaporation (;1mmday21) occurs early in the irrigation

season—May through June; while crops are still growing,

some of the additionally supplied water can evaporate

from the bare ground soil.

An increase in evapotranspiration, as expected, leads

to an increase in the surface specific humidity over the

irrigated region (Fig. 10). The moistening over the

FIG. 8. Differences between ICONT and CONT’s JJA upper-layer soil moisture, vegetation fractional coverage,

LAIL (m2m22), and canopy height (m), highlighting the effects of irrigation on surface features. Note that the

outlined grid cells represent those that are irrigated in ICONT.

TABLE 1. Summary of JJA average daily temperature (TA),

specific humidity (QA), rainfall (PRE), latent heat (LH), sensible

heat (SH), PBL height, and moist static energy (MSE) in CONT

and ICONT simulations for the period of 1973–87 over all irrigated

cropland grid cells. Also shown is the difference between the two

simulations.

CONT ICONT ICONT 2 CONT

TA (8C) 31.5 27.3 24.2

QA (g kg21) 12.1 16.5 4.4

PRE (mm month21) 36 30 26

LH (Wm22) 31 146 115

SH (Wm22) 79 8 271

PBL height (m) 1027 486 2541

MSE (kJ kg21) 335 341 6
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irrigated region is quite substantial with values in-

creasing on average from 13 to 18 g kg21. The change

in the southern irrigated field (in Niger) is quite less

(1–2 g kg21); this region is already quite humid and

wetter than the region farther north. However, as seen

with the temperature, the more humid air is not just

experienced over the irrigation. Farther north and to

the east of the fields, daily specific humidity values

increase by 0.5–1 g kg21. As seen in Fig. 10, the per-

cent change of such an increase is not significantly

large (less than 10%), but the change in relative hu-

midity is significant in some of those regions (Fig. 10).

Surface daily relative humidity across the irrigated

fields increases by over 30% as cooler temperatures

combined with more water vapor results in values as

high as 80%–90% across western Mali. Just outside

the irrigated area, the advection of cooler and more

humid air does cause the range in relative humidity

values to rise from 40%–45% to 50%–55%. The in-

crease in boundary layer relative humidity and moist

static energy should result in an increase in the con-

vective efficiency and hence rainfall totals.

Therefore, the difference between annual rainfall for

the two simulations is presented in Fig. 11. As can be

seen, the overall magnitude and spatial distribution of

rainfall over the region remains largely unchanged.

However, it is clearly seen that rainfall over the irrigated

land itself decreases. For example, across the western

and southern portion of the irrigation in Mali, annual

rainfall totals decrease by 50–100mm; that is nearly

a 25%–50% reduction in the annual rainfall (Fig. 11).

The change across central and western Mali is statisti-

cally significant at the 95% confidence level when using

the Welch’s t test. Seasonal changes in rainfall indicate

that 90% of this drying occurs during JJA when most

rainfall occurs over the Sahel (not shown). As alluded to

earlier, no change in rainfall occurs in either December–

February (DJF) or March–May (MAM). These results

are expected since this period is the region’s dry sea-

son and irrigation does not occur during this timeframe

either. In September, slight decreases (on the order

of 10%–20%) in rainfall just to the west of the Mali

crop fields occur, but the overall maximum is less than

20mm.

The decrease in rainfall here is not a result of de-

creased convective efficiency but rather a decrease in

the triggering of convection (i.e., a reduction in the

number of convective events). Therefore, the increase in

convective efficiency due to higher relative humidity

and moist static energy is dwarfed by the decrease in

convective triggering from a strong collapsing of the

boundary layer height. These phenomena can be seen

when examining changes in the planetary boundary

layer (PBL) height (Fig. 11). Large reductions in the

surface temperature and the sensible heat flux reduce

the average daily boundary layer height by more than

700m, a 50% reduction of the total height. Therefore,

the PBL does not grow enough to trigger convection.

Essentially, the irrigation causes the lower atmosphere

to be too cool for moist convection to occur over the

FIG. 9. Difference between ICONT and CONT simu-

lations for average JJA daily 2-m temperature (8C), la-
tent heat flux (Wm22), and sensible heat flux (Wm22).

Note that the outlined grid cells represent those that are

irrigated in ICONT.
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irrigated fields. As a result, the convective inhibition, or

the negative buoyant energy needed to overcome for

free ascent of an air parcel is never breached and

convection occurs less often. These phenomena are il-

lustrated in Fig. 12, where the number of days with

moist convection (i.e., convective rainfall over 1mm) is

plotted. Clearly evident is the large reduction of days

with moist convection as ICONT receives 5–15 days less

of convective rainfall than the control simulation. This

reduction results in approximately a 20%–40%decrease

in total days per year of convective triggering and

spatially matches well with the rainfall differences of

FIG. 10. As in Fig. 9, but for (top) specific humidity

(g kg21) difference and percent difference and (bottom)

daily surface relative humidity.

FIG. 11. As in Fig. 9, but for (top left) annual rainfall (mmyr21) and (bottom left) PBL height (m). (right) Percent

differences between ICONT and CONT for the two values.
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Fig. 11. Finally, Fig. 12 shows the frequency of heavy

rainfall events across the region, where heavy rainfall is

defined as 12.5mmday21. As expected, there is a tight

gradient in the frequency of these events as one moves

south across the region. Over the irrigated fields of Mali,

the frequency of such an event is 0.5–1.0 or once every

other year or once a year. Interestingly, the irrigation

seems to have a larger effect on these heavier rainfall

events as a nearly 50% reduction occurs in heavy rainfall

events over the irrigated cropland. Therefore, less con-

vective triggering of these strong, wetter storms largely

accounts for the decrease in total rainfall. This result

further illustrates that irrigation affects convective trig-

gering more so than convective efficiency.

To confirm this mechanism, a simulation is performed

where irrigation only occurs in the first week of each

month from May through September. Results indicated

a warmer (by 1.08–1.58C), drier irrigated region in which

the boundary layer decreases on average 250m less than

that in ICONT. As a result, convection was triggered

48% of the time (days in JJA) over the area as opposed

to 32% in ICONT (note that CONT has convection

triggered 50% of the time). As a result, rainfall values

were higher over the crop fields in west Mali when

compared to ICONT. Therefore, we are able to confirm

that the drastic cooling and collapsing of the boundary

layer can account for the drier irrigated fields of west

Mali in the ICONT simulation.

b. Vertical profiles of atmospheric variables

With substantial changes in temperature and humidity

at the surface, analysis of the change in vertical profiles

of atmospheric fields is completed for 1500 UTC (also

1500 local time) across the irrigated region. Figure 13

reveals that perturbations made to the land surface do

not penetrate significantly aloft as vertically plotted

differences (latitudinally averaged) are computed. For

example, temperature cooling is only experienced to

about 850mb (1mb 5 1 hPa), with a sharp drop-off in

the signal aloft. However, as seen at the surface, the

temperature reduction does extend vertically to the east

of the actual irrigated region. Likewise, the increase in

humidity is strongly constrained to the lowest 100mb

(Fig. 13). Drying aloft in the midatmosphere (500–

700mb) is consistent with less convection and vertical

transport of moisture, as seen with the reduction of

rainfall over the western portion of the cropland. Given

intense surface cooling and significantly reduced

boundary layer heights, the increased moisture and de-

creased temperature is largely constrained to the surface

and lower atmosphere. As a result, any change in moist

static energy, albeit large (1–3 kJ kg21 increase), is also

FIG. 12. (top) Difference and percent difference of days with moist convection (convective rainfall greater than

1mmday21) per year between ICONT and CONT. (bottom) Frequency of heavy rainfall events (12.7mmday21 or

more) in CONT and the percent difference of heavy events between ICONT and CONT. Note that the outlined grid

cells represent irrigation in ICONT, and the blue contour in the bottom panels delineates the one event per year

frequency value.
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FIG. 13. Vertical profiles of longitudinal cross-section differences (averaged from 168 to

17.58N) between ICONT and CONT average JJA 1500 UTC for (top) temperature (8C),
(middle) specific humidity (g kg21), and (bottom) moist static energy (kJ kg21) with a loga-

rithmic height scale. The blue line underneath each x axis represents the zonal extent of the

irrigated cropland.
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contained close to the surface (i.e., in only the lowest

100mb of the atmosphere) and thus not experienced by

the surrounding atmosphere or aloft.

7. Conclusions and future work

This work presents and highlights the performance of

a new scheme added to RegCM3-IBIS for irrigation

croplands. The new vegetation biome is populated with

a crop plant functional type that can exclusively exist in

an irrigated grid cell. Likewise, an irrigated cropland

grid cell is suppliedwater to the root zone until it reaches

relative field capacity.Moreover, the new scheme allows

for irrigation scheduling, that is, when water is to be

applied to the system. Initial results show a large sensi-

tivity of the scheme to soil texture types, how the water

is applied, and the climatic conditions over the region.

The new irrigation scheme is tested over West Africa,

specifically in the countries of Mali and Niger where

a realistic representation of irrigation of the Niger River

is performed by constraining the land irrigated by the

annual flow of the Niger River and the amount of arable

land in the region as reported by the FAO (Frenken and

Faures 1997).

Over West Africa, a 30-yr simulation including irri-

gation is compared to an identical simulation that does

not include irrigation of the Niger River. Results show

significant greening of the irrigated land as evapotrans-

piration over the area largely increases, namely, via in-

creases in transpiration from plant growth resulting

from increased soil moisture. The increase in the

evapotranspiration, or latent heat flux, causes a signifi-

cant decrease in the sensible heat flux with surface

temperatures cooling on average by nearly 58C. This
cooling is felt downwindwhere temperatures outside the

irrigation are reduced by 0.58–1.08C. Likewise, large

increases in specific humidity are experienced across the

irrigated cropland (on the order of 5 g kg21), but also

extend farther north and east, reflecting the prevailing

surface southwesterlies.

Furthermore, it is concluded that in the scheme’s

current state (i.e., irrigation at every time step), the

module significantly overestimates realistic water supply

practices for irrigation. Much research has examined the

most effective and realistic approach to supplying water

to an irrigation scheme (Kanamaru and Kanamitsu

2008; Sorooshian et al. 2012). These studies also find that

in most saturated or relative field saturated schemes,

excessive cooling and evapotranspiration occurs. Here,

we performed an experiment where irrigation is sched-

uled only for the first week of each month. The model

demonstrated a large sensitivity to this technique as

temperature cooling and moistening were significantly

reduced and hence improved. Future work further ex-

amining different irrigation scheduling techniques would

be useful in addressing known cool biases caused by

the representation of irrigation in land surface models.

In addition, despite increases in surface relative hu-

midity and moist static energy over the croplands,

rainfall decreases over the irrigated lands. The decrease

in rainfall can be explained by the large surface cooling

and collapse of the boundary layer. With significantly

lower boundary layer heights, the triggering of convec-

tion is largely hampered as the convective inhibition, or

negative buoyant energy is never breached. Outside of

the irrigation, no significant change in rainfall occurs.

These results can be explained by the lack of change in

vertical profiles of atmospheric quantities with irriga-

tion. That is, although humidity and moist static energy

values increase greatly at the surface, these changes do

not extend further than the lowest 50–100mb of the

atmosphere during the afternoon. Therefore, the at-

mosphere is more or less disconnected from the surface

changes, most likely due to the large reduction in the

boundary layer height.

Given a new anthropogenic biome in IBIS, several

opportunities present themselves for future study. To

begin with, the use of different crop types and schedul-

ing techniques should be examined across West Africa

and other regions across the globe for sensitivity analysis

of crop water demand and effect on local climates. That

is, different crops, and their associated phenology,

would respond differently in certain climate zones and

therefore may alter the cropland’s effect on local cli-

mate. Likewise, adding a harvesting and land clearing

module to irrigated croplands would be effective in

making the scheme more realistic. Finally, this work

concludes that there is not a strong connection between

the land surface and the atmosphere as perturbations

caused by irrigation leave insignificant effects aloft.

However it is important to note that this lack of signal

may be a result of the irrigated region being compara-

tively small to the overall domain and subregion. Thus, it

would be necessary to perform additional experiments

with larger regions covered with irrigated lands. Nev-

ertheless, future studies should examine how the con-

vection scheme and land surface model are coupled

dynamically. More succinctly, the sensitivity of a con-

vection scheme to land surface perturbations should be

fully investigated.
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