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ABSTRACT

FUTURE PROJECTIONS OF GROUNDWATER RECHARGE IN NEW

MEXICO USING THE CMIP6 DATASET

BY

S.M. Asaduzzaman Reshad, B.Sc., M.Sc.

Groundwater is the primary source of freshwater in New Mexico, support-

ing agriculture, municipal supply, industry, and ecosystems, yet its sustainability

is increasingly challenged by semi arid climatic conditions, recurrent droughts,

and projected climate variability. Recharge, the process by which precipitation

and snowmelt infiltrate soils and percolate into aquifers, is a critical but spa-

tially heterogeneous component of the hydrologic cycle, influenced by precipita-

tion intensity, slope, soil texture, geology, vegetation, and drainage characteristics.

This study applies an integrated Geographic Information Systems (GIS) and An-

alytical Hierarchy Process (AHP) framework to delineate groundwater recharge

potential zones across New Mexico under both baseline and future climate scenar-

ios. Eight thematic layers including slope, precipitation, soil group, geology, land
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cover, drainage density, lineament density, and geomorphology were reclassified

into suitability categories based on hydrogeological principles and weighted us-

ing AHP to generate a composite recharge potential map. To incorporate future

climate variability, daily precipitation projections from the NASA NEX GDDP

CMIP6 dataset were aggregated into annual totals for three representative periods:

near future (2030), mid century (2070), and end century (2100) under the SSP2

4.5 scenario. Results indicate that moderate to moderately good recharge zones

dominate the northeastern, north-central, and southwestern parts of the state,

where permeable soils, favorable geology, and structural lineaments coincide with

moderate rainfall. In contrast, very low and low recharge potential is prevalent in

the southern and southeastern areas characterized by steep slopes, clay rich soils,

and high drainage density. Future projections suggest spatial shifts in recharge

zones, with localized declines in precipitation reducing recharge potential in east-

ern basins while areas of the Rio Grande Valley and northern highlands may

maintain moderate to high suitability. The outcomes provide a spatially explicit,

forward looking tool for groundwater management, land use planning, and climate

adaptation strategies, supporting long term water sustainability in a highly water

stressed region.

Keywords: Groundwater recharge, GIS, AHP, CMIP6, climate change, New

Mexico, recharge potential mapping, SSP2 4.5
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1 Introduction

Groundwater is the primary source of freshwater in New Mexico, sustaining agri-

culture, domestic supply, industry, and ecosystems across both rural and urban

areas. In many regions, it is the only practicable source of water because surface

water is scarce, highly variable, and often fully appropriated. According to the

New Mexico Environment Department (NMED), approximately 78% of residents

rely on groundwater for drinking water, and nearly half of the state’s total an-

nual withdrawals are derived from aquifers. This dependence is further magnified

by the state’s desert climate, where average annual precipitation is only about

250 mm and more than 95% of surface water from rainfall or snowmelt is lost

to evapotranspiration. As population growth and economic development increase

demand, concerns about groundwater sustainability have intensified, particularly

under conditions of recurrent drought and climate variability (New Mexico Envi-

ronment Department, 2025).

Groundwater recharge is the process by which precipitation and snowmelt in-

filtrate soils and percolate into aquifers and is one of the most critical yet spatially

variable components of the hydrological cycle. Recharge depends on a combina-

tion of climatic, geomorphological, geological, and land-surface factors such as

rainfall intensity, slope, soil texture, vegetation cover, and drainage characteris-

tics (Arulbalaji et al., 2019). Previous studies in New Mexico have contributed
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significantly to understanding recharge dynamics. For example, the Statewide

Water Assessment project applied the Evapotranspiration and Recharge Model

(ETRM) to generate recharge estimates across the state, while later refinements

employed a high-balance soil–water model for more detailed estimation (Ketchum

et al., 2016). More recently, Li et al. (2021) evaluated long-term changes in re-

gional recharge using a water balance approach, providing valuable insight into

historical trends.

Despite these advances, most prior research has concentrated on historical or

baseline recharge conditions, with limited attention to future climate variability.

This represents a critical knowledge gap because New Mexico’s semi-arid environ-

ment and reliance on recharge from precipitation and snowmelt make it highly

vulnerable to projected reductions in rainfall and increases in evapotranspiration

under climate change. Without forward-looking assessments, policymakers and

water managers lack the spatially explicit tools necessary to plan for long-term

groundwater sustainability.

This study addresses that gap by integrating geospatial analysis and multi-

criteria decision-making with climate projections to evaluate groundwater recharge

potential under both present and future conditions. A Geographic Information

Systems (GIS) and Analytical Hierarchy Process (AHP) framework was employed

to generate and weight eight thematic layers: slope, precipitation, soil group, ge-

ology, land cover, drainage density, lineament density, and geomorphology. Each

4



layer was reclassified into suitability categories based on hydrogeological princi-

ples, and weights were derived from literature and expert judgment to ensure

consistency and transparency. The resulting composite recharge potential map

provides a spatially continuous index of recharge favorability across the state.

To account for future climatic variability, precipitation projections from the

Coupled Model Intercomparison Project Phase 6 (CMIP6) were incorporated un-

der Shared Socioeconomic Pathway (SSP) scenarios for 2030, 2070, and 2100. By

combining intrinsic landscape controls with projected climatic drivers, the study

develops a forward-looking assessment of groundwater recharge potential.

The outcomes of this research are expected to provide good decision-support

tools for groundwater management and climate adaptation planning in New Mex-

ico. In particular, the results can guide managed aquifer recharge (MAR) ini-

tiatives, inform land-use policies, and help prioritize regions most vulnerable to

climate-induced reductions in recharge. By situating the analysis within both

hydrological science and state-level water management priorities, this study con-

tributes to ensuring long-term groundwater sustainability in one of the most water-

stressed regions of the United States.

2 Importance of the Study

In New Mexico, groundwater is the lifeline for communities, agriculture, and in-

dustry, making it the most critical source of freshwater across the state. As noted
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by Li et al. (2021), “Groundwater is the only practicable source of water in many

areas of the state and makes up nearly half of the annual total water withdrawn

for all uses.” This heavy reliance underscores the urgent need to identify, protect,

and sustain groundwater recharge zones, particularly in a region facing recurrent

droughts and increasing water demand.

Recharge processes in arid and semi-arid regions are inherently complex. Er-

ratic precipitation patterns, high evapotranspiration rates, and heterogeneous ge-

ological and soil characteristics mean that recharge is often confined to specific

landscape features such as alluvial fans, fracture zones, and gently sloping terrains.

These areas provide the permeability and storage capacity necessary for effective

infiltration. Numerous studies have confirmed that lithological formations, slope

gradients, and land use are among the most decisive factors influencing recharge

opportunities and groundwater availability (Lentswe and Molwalefhe, 2020).

The application of remote sensing and GIS-based approaches has made it pos-

sible to delineate these zones at large scales in a cost-effective manner. This study

builds on that foundation by employing a GIS–AHP framework, which has been

demonstrated in other regions to improve accuracy and reliability. For example,

Dar et al. (2021) successfully applied GIS–AHP in the Kashmir Valley, validating

their model with borehole data and achieving an Area Under Curve (AUC) of

79.69%. Their work highlights the practical value of integrating geospatial data

with decision-support techniques. Similarly, Baghel et al. (2023) emphasized that
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groundwater management requires systematic planning, not only to secure drink-

ing water supplies but also to sustain livelihoods and support regional economies.

An additional contribution of this study is the integration of climate change

projections into recharge assessment. Using CMIP6 climate scenarios, it becomes

possible to evaluate how future precipitation and evapotranspiration patterns will

alter recharge potential across New Mexico. Li et al. (2021) demonstrated that

shifts in precipitation regimes already produce signi�cant regional variability in

recharge. Incorporating these projections into groundwater assessments provides

a forward-looking perspective that can guide water managers and policymakers.

By situating recharge mapping within both present and future contexts, this

study o�ers more than a static inventory of recharge zones. It provides a dy-

namic framework for adaptive water management in New Mexico. The �ndings

are expected to inform priority setting for arti�cial recharge projects, protection

of groundwater-dependent ecosystems, and long-term strategies that strengthen

resilience to climate change. In this way, the study addresses both the immediate

and future challenges of groundwater sustainability in one of the most water-

stressed states in the United States.

3 Literature Review

Numerous studies have demonstrated the e�ectiveness of GIS and multi-criteria

decision-making techniques, particularly the Analytical Hierarchy Process (AHP),
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in delineating groundwater recharge potential zones across diverse hydrogeological

settings.

Arulbalaji et al. (2019) applied an integrated GIS{AHP framework in the Va-

manapuram river basin of the Southern Western Ghats, India, using 12 thematic

layers including geology, geomorphology, slope, land use/land cover, drainage den-

sity, lineament density, soil, rainfall, curvature, roughness, topographic wetness

index, and topographic position index. Their results classi�ed the basin into �ve

groundwater potential categories and achieved an overall accuracy of approxi-

mately 85%, with moderate recharge zones covering nearly 59% of the study area.

The authors emphasized that permeable lithologies, gentle slopes, and high rain-

fall zones were the most favorable for recharge, while steep slopes and crystalline

lithologies restricted in�ltration (Arulbalaji et al., 2019).

Hossain et al. (2024) further advanced the application of geospatial{AHP

methods in the Barind Tract of Bangladesh, one of the most groundwater-stressed

regions in South Asia. Their study integrated geology, soil, slope, rainfall, and

land use layers to delineate groundwater recharge potential, assigning weights

through AHP and validating results with well-yield data. They concluded that the

GIS{AHP approach provides a reliable and sustainable framework for identifying

suitable areas for arti�cial recharge and sustainable groundwater management,

especially in regions with agricultural water demand pressures (Hossain et al.,

2024).
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In southern India, Lavanya and Muthukumar (2024) emphasized the novelty

of combining geospatial techniques with AHP to delineate recharge zones. Their

study highlighted the importance of pairwise comparison matrices, normalization,

and consistency checks for minimizing subjectivity in thematic weight assignment.

The methodological strength of their framework provides replicable guidelines for

application in other semi-arid regions, including the hydrogeological context of

New Mexico.

Das and Pal (2019) extended the methodology by incorporating fuzzy-AHP in

the Goghat-II block of West Bengal, India, to address uncertainties in thematic

weight assignments. They observed that groundwater recharge was strongly de-

pendent on porosity and permeability, which in turn were governed by geology,

geomorphology, lineaments, slope, soil texture, and land use. This demonstrated

the importance of incorporating fuzzy logic to account for imprecision in param-

eter in
uence.

Outside South Asia, Lentswe and Molwalefhe (2020) applied GIS{AHP to

delineate groundwater potential in Botswana. They reported that high recharge

sites, covering only 8% of the basin, were strongly associated with sandstone

and fractured basaltic outcrops, a �nding that resonates with similar geological

controls observed in parts of New Mexico.

In the U.S. context, Miller et al. (2021) evaluated the Bear Canyon Recharge

Project in Albuquerque, New Mexico. Their study highlighted the necessity of
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integrating hydrological feasibility with institutional and regulatory frameworks

in the implementation of recharge projects, demonstrating that scienti�c mapping

of recharge potential must be paired with governance and management consider-

ations for e�ective water resource planning.

Collectively, these studies a�rm the utility of combining GIS, AHP, and cli-

mate datasets in groundwater research. They also demonstrate the adaptability

of the approach across diverse climatic and geological settings. By synthesiz-

ing intrinsic physical parameters with extrinsic climatic variables, the GIS{AHP

methodology provides a robust and transferable framework for delineating ground-

water recharge potential, justifying its application in New Mexico's structurally

complex and water-stressed environment.

4 Materials and Methods

This study applies a GIS-based Analytical Hierarchy Process (AHP) framework to

delineate groundwater recharge potential zones in New Mexico. Multiple thematic

layers representing topographic, hydrological, geological, and climatic factors were

developed, standardized, and integrated through a weighted overlay procedure.

All analyses were carried out using Geographic Resources Analysis Support Sys-

tem (GRASS) in the NAD83 / Conus Albers projection (EPSG:5070) (GRASS

Development Team, 2024). The following subsections describe the preparation of

each thematic layer in detail.
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4.1 Drainage Density

The extraction of drainage density was performed for the entire state of New

Mexico, which encompasses an area of approximately 315,000 km2. Drainage

density (DD ) is one of the most widely used morphometric indices in hydrological

and geomorphological studies. The concept was �rst introduced by Horton (1932,

1945), who de�ned it as the total length of streams within a given drainage area,

expressed in km/km2. Mathematically, it is represented as:

DD =
L
A

whereL is the total length of streams (km) andA is the drainage area (km2).

Hydrologically, drainage density re
ects the balance between surface runo� and

in�ltration. Areas with sparse drainage networks (lowDD ) are typically associ-

ated with permeable substrates, gentle slopes, and high in�ltration capacity, which

collectively promote groundwater recharge. Conversely, high drainage density in-

dicates well-developed channel networks that promote rapid runo�, leaving less

opportunity for water to percolate into the subsurface. As noted by Zhang et al.

(2021), drainage density is a macroscale measure of hydrological development,

re
ecting how climate, slope, lithology, vegetation, and soil properties shape sur-

face and subsurface water pathways. Similarly, Yang et al. (2025) emphasized that

high drainage density promotes rapid hydrological responses, whereas low density
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is characteristic of arid and semi-arid settings with greater recharge opportunities.

To compute drainage density, a 10 m resolution Digital Elevation Model (DEM)

was used as the primary input. Flow direction and 
ow accumulation rasters were

then generated. Flow direction assigns each DEM cell a downslope path toward

its steepest neighbor, while 
ow accumulation quanti�es the number of upstream

cells contributing 
ow into a given cell. Together, these layers provided the hy-

drological foundation for stream network extraction.

Stream networks were delineated by applying a threshold to the 
ow accu-

mulation raster. Only cells with upstream contributing areas greater than the

threshold were classi�ed as streams, while all others were excluded. In this study,

a threshold of 30,000 cells was selected, corresponding to a contributing area of

approximately 3 km2 for the 10 m DEM. According to Zhang et al. (2021), the 
ow

accumulation threshold (FAT) directly in
uences river network density: thresh-

olds that are too low produce spurious channels, while overly high thresholds

omit genuine stream segments. To balance these considerations, the threshold in

this study was calibrated iteratively to ensure that the extracted stream network

captured the primary hydrological channels while minimizing pseudo rivers.

The extracted stream network was vectorized to represent drainage lines.

Stream lengths were calculated in kilometers for each grid cell, and the total

stream length was normalized by the corresponding drainage area derived from

the DEM. This procedure yielded a continuous drainage density raster for New
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Figure 1: Spatial distribution of drainage density across New Mexico, expressed

in km/km 2. Lower values correspond to higher groundwater recharge potential.
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Mexico, providing a spatially distributed measure of runo� potential relative to

in�ltration opportunity.

For use in the Analytical Hierarchy Process (AHP) framework, the drainage

density raster was reclassi�ed into �ve recharge suitability categories: very high

(� 0:5 km/km 2), high (0.5{1.0 km/km 2), moderate (1.0{2.0 km/km2), low (2.0{

3.0 km/km2), and very low (> 3:0 km/km 2). This classi�cation re
ects the inverse

relationship between drainage density and recharge: areas of low drainage density

correspond to favorable recharge conditions due to reduced surface runo� and en-

hanced in�ltration, while areas of high drainage density correspond to unfavorable

conditions dominated by rapid runo�.

Figure 1 illustrates the drainage density distribution for New Mexico. The

map shows that most of the state exhibits low to very low drainage density, which

is favorable for recharge, whereas localized regions with higher drainage density

indicate hydrologically less favorable zones. The drainage density layer thus pro-

vided an essential geomorphic indicator of groundwater recharge potential across

New Mexico. By integrating this parameter with other thematic layers such as

slope, geology, soils, lineament density, and precipitation, the model e�ectively

captured the in
uence of surface hydrology on spatial recharge patterns.
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4.2 Lineament Density

Lineament density is a key structural parameter for delineating groundwater

recharge potential zones. Lineaments, which represent linear features such as

faults, fractures, and joints, enhance secondary porosity and permeability of bedrock,

thereby facilitating in�ltration and subsurface water movement. Numerous studies

have demonstrated that groundwater potential is positively correlated with lin-

eament density, with higher densities associated with greater recharge potential

(Arulbalaji et al., 2019; Dar et al., 2021). For example, Manyoe and Hutagalung

(2022) showed that areas with high lineament density in the Libungo geothermal

area were associated with good permeability and increased in�ltration capacity.

Similarly, Saepuloh et al. (2018) found that zones with high lineament length

density coincided with geothermal 
uid paths and recharge sites in West Java,

con�rming the importance of fractures and lineaments in enhancing 
uid circu-

lation. Conversely, areas of low lineament density tend to be structurally less

favorable for in�ltration due to the absence of such preferential 
ow paths.

Lineaments are often aligned with tectonic discontinuities, which are expressed

at the surface as terrain breaks or abrupt slope changes. Slope analysis is therefore

frequently incorporated in lineament mapping. Steep slopes, particularly those

greater than 30°, may correspond to escarpments or scarps formed along fault

and fracture zones, which are commonly associated with enhanced groundwater
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storage and recharge conditions. As emphasized in earlier groundwater potential

studies, \the intensity of groundwater potential decreases with increasing distance

from lineaments," underscoring the hydrological importance of these features.

For this study, lineament density was computed using a grid-based approach

to provide a spatially standardized measure of structural in
uence across New

Mexico. First, a 10 m resolution DEM was processed to derive slope and aspect

maps, which aided in the identi�cation of structural breaks. Lineaments were

then digitized from high-resolution satellite imagery and terrain derivatives. A

�shnet grid of 10 km � 10 km (100 km2) was superimposed across the study area,

and the total length of lineaments intersecting each grid cell was calculated in

kilometers. Lineament density (LD ) was expressed as:

LD =
L
A

where L is the cumulative length of lineaments (km) within a grid cell and

A is the grid area (100 km2). The resulting values, expressed in km/km2, were

subsequently rasterized to produce a continuous surface of lineament density.

The raster was then reclassi�ed into �ve groundwater recharge suitability

classes: very low (< 0:8 km/km 2), low (0.8{1.5 km/km 2), moderate (1.5{2.3

km/km 2), high (2.3{3.1 km/km 2), and very high (> 3:1 km/km 2). Areas with

higher lineament density were assigned greater suitability values, re
ecting their

increased structural permeability and enhanced potential for recharge.
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Figure 2: Spatial distribution of lineament density across New Mexico.
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The spatial distribution of lineament density across New Mexico is shown

in Figure 2. The map highlights that most of the state exhibits relatively low

lineament density values (� 0:83 km/km2), particularly in the southern and east-

ern regions, while localized pockets of higher density occur in the north-central

and southwestern portions of the state. These higher-density areas correspond to

structurally complex regions where faulting and fracturing are more pronounced,

thereby enhancing secondary porosity and permeability. Such zones are consid-

ered more favorable for groundwater recharge because the presence of abundant

lineaments provides preferential pathways for in�ltration. In contrast, regions of

low lineament density are structurally less favorable, limiting the potential for

vertical and lateral groundwater movement.

The lineament density layer thus provided a critical structural control in the

GIS{AHP framework. Its integration with hydrological, geomorphological, and

climatic variables ensured that both surface and subsurface controls on recharge

were explicitly accounted for in the groundwater potential mapping.

4.3 Slope

Slope is a fundamental topographic parameter that exerts strong control over

surface hydrology and groundwater recharge. Gentle slopes favor in�ltration by

increasing the residence time of water on the land surface, while steep slopes

accelerate runo� and reduce the opportunity for percolation (Das and Pal, 2019;
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Li et al., 2021). Mahmoud (2014) further demonstrated that areas with excellent

to good suitability for groundwater recharge are typically characterized by gentle

slopes ranging from 4% to 8%, emphasizing that slope is one of the most decisive

factors in recharge mapping. As a result, slope is widely used in groundwater

potential studies to distinguish between areas conducive to in�ltration and those

dominated by runo� and erosion processes.

In this study, slope was derived from the 10 m resolution DEM using the

GRASS (GRASS Development Team, 2024). The slope raster was reclassi�ed

into �ve recharge suitability classes following thresholds reported in previous stud-

ies: very high (� 3� ), high (3{8 � ), moderate (8{15� ), low (15{25� ), and very low

(> 25� ). This classi�cation re
ects the principle that 
atter terrains are more

favorable for in�ltration, while steeper terrains correspond to rapid runo� condi-

tions.

The slope distribution across New Mexico is shown in Figure 3. The eastern

and southeastern parts of the state are dominated by gentle slopes (� 8� ), which

are highly favorable for groundwater recharge. In contrast, the north-central and

southwestern regions are characterized by slopes exceeding 15� and in some areas

greater than 25� . These steeper terrains are hydrologically important for generat-

ing runo� and sustaining river systems, but they provide limited direct recharge

due to reduced in�ltration capacity.

The slope layer therefore played a critical role in the GIS{AHP framework,

19




	Introduction
	Importance of the Study
	Literature Review
	Materials and Methods
	Drainage Density
	Lineament Density
	Slope
	Geology
	Land Cover
	Soil Group
	Geomorphology
	Rainfall
	Future Rainfall Projections: NEX-GDDP-CMIP6

	Results
	Conclusion
	Discussion

