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Groundwater has unique properties that makes it a valuable case
study in management and social cost. This paper contributes
evidence to the debate of centralized versus localized regulation of
public good, of which groundwater is a special example, in the
context of its increasing scarcity. Local agencies usually lack the
resources or oversight to adequately monitor and supervise
groundwater withdrawal. However, groundwater properties vary
widely with different locations and geographies that renders
centralized state one-plan-for-all management difficult.
Groundwater is public in that it is connected to other parts of the
ecosystem and any tampering percolates throughout the system. It is
at the same time private because of its relations to land tenure and
property rights. This paper looks at groundwater policies in
California, where state laws are absent and rule of capture applies,
and Nevada, where there is no private ownership of groundwater
and the state is responsible for its allocation. The results of spatial
and quantitative analysis confirm the hypothesis that patchwork
management produces a more spatially uneven trends as well as data
collection frequency, as is the case of California. The conclusion is
that while cities, counties, and local agencies have the capacity to
management groundwater, they should be held accountable for
regular data collection and contributing to a unified database. The
CASGEM, the California database of groundwater levels that was
started in 2012, is a step in the right direction toward a more
comprehensive state oversight.
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1. INTRODUCTION
In 1960 Coase argued that efficient allocation of a shared resource can be achieved
through regulation if property rights of that resource are clearly defined (Coase, 1960).
Groundwater belongs to the category of shared resource or public good for which
defining property rights is not simple. Suppose ownership and use right of groundwater
legitimately belong to the man who owns the land above it – everything he does to the
water affects his neighbors, especially if they are downstream. Even if he owns all the
land above a confined aquifer and all the water in it is isolated from other underground
aquifers, his actions still affect the interactions between “his” aquifer and surface water
bodies. These surface bodies not only interact with other aquifers, but are also subject to
precipitation and evaporation which are processes on the scale of the entire water cycle.
Therefore, groundwater is at the same time local and global – local in that it is sitespecific and attached to land, and global in that it is part of an interconnected system. Of
late the increasing scarcity of groundwater is becoming keenly felt in water-stressed and
drought-prone places. With a scarce public good subject to subtractability and lowexcludability, some form of regulation is needed (Theesfeld, 2010). The purpose of this
paper is to investigate the effect of regulation on groundwater levels by studying
California and Nevada, two states representative of a localized and a centralized
governance structure, respectively. In the abundant literature on the depletion of openaccess resource, there is “no conclusive evidence … about the most effective institutional
arrangement that can prevent it” (Zellner, 2008). This paper attempts not to settle the
debate once and for all whether central management superior to local management (or
vice versa), but only to reveal interesting similarities and differences of these two
approaches in one form of measurable outcome.
The recent drought in California has brought greater attention to the issue of
groundwater governance. Negative consequences of overdraft have often been attributed
to California’s lack of state-wide policies. About half of California’s counties have not
enacted any kind of groundwater ordinance1; decisions to meter and regulate rest with
responsible agencies. California is not the only state experiencing water stress or the only
state heavily dependent on groundwater. Dependence varies across the country with
population, availability of surface water, and agricultural or industrial activities, but
groundwater is an essential source of fresh drinking water nearly everywhere. People
1
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constantly withdraw water for sustenance, but the rate of recharge for some aquifers is
glacial. Climate change is affecting precipitation, sea level, snowmelt, and season lengths,
all of which are connected with groundwater levels. The increasing scarcity of water and
future uncertainty call for re-examination of the historical, and potentially unsustainable,
governance practices.
Why California and Nevada?
The main reason for the choice of California and Nevada is that they form the Segment 1
of the Groundwater Atlas of the U.S. and belong to the same geological unit. They are as
different as they are alike, but the differences are just as important as the similarities as a
context for groundwater management. They are both mountainous, water-stressed states2
of approximately the same size; major differences include population density, land use,
surface waters, and political climate. A greater focus is on California, and Nevada serves
more as a control.
Figure 1 shows the aquifers underneath California and Nevada, which are grouped
together by climate as well as hydrological and geological properties of aquifers. in the
Groundwater Atlas of the U.S. Underneath the dry areas in most part of Nevada and some
part of California, there are three types of Basin and Range aquifers—volcanic rock,
carbonate rock (dark pink in the map), and basin-fill (light pink)—which extend to
western Utah, southern Arizona, southwestern New Mexico, and southern Oregon and
Idaho (USGS, 2013). California also sits above the coastal basin aquifers (blue), where
the climate variation is moderated by the ocean, Central Valley (orange) and Northern
California basin-fill aquifers, also known as Pacific Northwest basin-fill aquifers (yellow),
where fertile soil gives rise to extensive agriculture, and Northern California volcanic
rock aquifers, also known as Pacific Northwest basaltic-rock aquifers (green), which are
beneath the volcanic part of Cascade and Sierra Nevada mountains. Besides Basin and
Range aquifers, there is also a small volcanic rock aquifer (turquoise) beneath southern
Nevada.

2

Most part of California and all of Nevada exhibit net moisture deficit, which means evapotranspiration is
greater than precipitation
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Figure 1 – Segment 1, California and Nevada, US Groundwater Atlas3

One of the key concepts in this paper is sustainable management of a non-renewable
natural resource and public good that requires some degree of state-level coordination but
is deeply entangled with specific locales, land, and property rights. Sustainability is
defined here as planning the use of a resource today with consideration for the future.
Another key concept is resilience, or the ability to reduce disruptive effect of droughts on
daily life to a minimum. The unit of analysis is a well – the access point to an aquifer
where data is collected, but it is really their aggregate behavior and spatial distribution
that are of prime interest. For Nevada, the geographic scale is that of the entire state,
because almost all wells lie over the Basin and Range basin-fill aquifers and the state
owns all the groundwater. For California, the geographic unit of analysis is mainly the
county.

3

Aquifer shapefile retrieved from http://water.usgs.gov/GIS/metadata/usgswrd/XML/aquifers_us.xml
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Purpose and structure of this paper
The research question of central versus local management of groundwater does not have
a simple answer. Both sides find their root in broader theoretical frameworks. The
argument for local management echoes the information aspect found in Austrian school
of economics – local entities which have more vested interest and access to extensive
local information are in a better position to make decisions and innovatively mobilize
local resources than a central agency which may not have the capacity to acquire detailed
information in all localities. The argument for central management is that local entities
may not always have enough funding and resources.
The purpose of this paper is to examine the debate through case studies and a
measurable indicator. The connection between groundwater study and policy analysis is
drawn to critically evaluate the two scales of governance through measured changes in
groundwater levels. The main research question explored is what, if anything,
groundwater level changes over the recent decades can tell us about the efficacy of
management through local agencies versus comprehensive state management. Can
different cities, municipalities, counties, local agencies, special resource districts in
California – each with its own agenda, approach, interest and without the supervision of
state agencies – achieve effective groundwater management as reflected in groundwater
levels? Has central management in Nevada produced better, or at least more coherent,
results throughout the state? Is the absence of state management in California to blame
for its long-standing water troubles?
The next section will provide a brief overview of relevant literature on
groundwater, aquifers, and the water cycle, followed by a discussion of the water laws
and groundwater governance in California and Nevada. The second half of the paper will
be mostly quantitative analysis, beginning with explanations of data and methodology.
Statement of hypotheses will be provided before results are presented. The analysis
covers a time window of 50 years from 1964 to 20134, and shows how many wells are
monitored, how frequently they are monitored, and how the water levels have changed
over the years. The Nevada state is mostly treated as a single entity, while the focus for
California is on a county-level. Filtering through all sites and selecting the study sample
simultaneously remove information by reducing sample size and limiting spatial coverage,
as well as provide new information by revealing which counties do not adequately gauge

4

USGS data is massive, but it is still very difficult to work with due to inconsistencies. More details about
the data will be given in the data and methodology section
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their water levels. Finally, results are provided and discussed in relation to policy
considerations.

2. BACKGROUND AND LITERATURE REVIEW
Groundwater fundamentals
Groundwater5 systems constitute an important part of the water cycle. At equilibrium,
aquifers are self-sustaining, their natural rates of discharge and recharge equal. When a
human disruption upsets this balance by removing groundwater at a greater rate than it
can be recharged, the equilibrium point may take a long time to re-establish, if it does at
all (Alley and Leake, 2004). In arid and semi-arid areas where low precipitation results in
low or zero natural recharge rate, mining of fossil groundwater from aquifers that was
last recharged during the most recent Ice Age is essentially depletion of a non-renewable
resource. With less and less water to support the aquifer structure, compaction causes
land subsidence and permanent reduction in storage capacity. To go in the other direction,
artificial recharge, or human efforts to re-route runoffs and reclaimed water into aquifers,
can replenish groundwater resources and allow sustainable extraction for necessary
sustenance.
In the United States, groundwater accounts for 60% of irrigation and provides
drinking water for more than 40% of the population (Scanlon et al., 2012). Its depletion
could negatively impact crop production, reduce our ability to recover from the ever
frequent droughts brought on by climate change, contribute to sea-level rise by massive
land-to-ocean transfers, and lead to severe water shortage (Konikow, 2011). Our
dependence on this crucial resource necessitates sustainable planning and proper
management. Knowledge and understanding of an aquifer’s operating mechanism should
serve as the basis for water use policies prescribing appropriate guidelines for extractions
in order to avoid irreversible consequences6.
In this paper the word “depletion” is used to describe reduction of groundwater
volume. Other definitions of depletion include reduction of usable groundwater, which
includes contamination. While contamination will not be the focus of this paper, it is
5

Groundwater is subsurface water trapped in soil pores and crevices in rock formations. Aquifers are
essentially chunks of soil and rocks of a particular type that can yield a sizable quantity of water. National
aquifers are coded with ‘N’ (aquifer) or ‘S’ (aquifer systems) followed by a 3-digit number which represent
a type of rock, and abbreviation of the name of geological regions.
6
For a map of all national aquifers in the US, please see Appendix A
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acknowledged as a potential threat. Coastal aquifers, for example, are particularly prone
to saline intrusion. While salt water can still find its purpose in acting as an industrial
coolant, it is not drinkable and in many instances, cannot be used to irrigate crops. Other
contaminants include an assortment of nutrients, such as nitrite and phosphate, which
beyond a critical concentration will be harmful if consumed and render an entire reservoir
unusable.
How is depletion measured?
Recently groundwater has been attracting growing attention, and its body of research is
expanding. Researchers have developed various methods of approximating groundwater
depletion in confronting the multitude of complexities inherent in groundwater systems.
For instance, the sources of recharge can be surface water bodies, precipitation, snowmelt,
and leakages from sewers and canals. Discharge mechanisms include evapotranspiration
and discharging into lakes, streams, springs, and oasis. The rates of recharge and
discharge depend on aquifer structure, lithography, climate, depth, altitude, surface
vegetation, average residence times of water, speed of movement within the aquifer,
distance from recharge and discharge points to site of extraction, and relations to nearby
surface waters (Alley, 2002). Time series measurements of depth to water at well sites
provide point data on the levels and changes of hydraulic heads over time. However,
determining the volume of water requires knowing the shape, type, and capacity of an
aquifer; determining recharge/discharge rates requires knowing where and how recharge
and discharge occur.
One recent approximation of global groundwater depletion and the resulting
contribution to sea-level rise is based on a flux-based water budget analysis, in which the
difference between estimated recharge and discharge rate is used to project the amount of
depletion (Wada et al., 2012). The flow models are based on diffuse climate and soil
recharge and can overestimate depletion because they do not take into account of the
types of point recharge mentioned above (Konikow, 2011). In a report for U.S.
Department of Interior and the USGS, Konikow estimates depletion in all major aquifers
in the 48 conterminous states by integrating mostly volume-based measurements and
approximations with a few flux-based methods, including groundwater levels together
with storativity, gravity changes due to water loss measured by the GRACE satellite7,
flow models based on changes in hydraulic heads, and pumpage data combined with
water budget analysis (Konikow, 2013). His methodology compensates for the
7
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overestimation of flux-based method, but the required information is available only for
certain parts of the world. Since this paper is focused on the continental U.S. only,
volume-based methods are sufficient for our discussion.
Aquifers differ vastly from one another in lithography, storativity, conductivity,
and other geological properties. As a result most research has been focused on one or a
few aquifers, and there has been little effort to conduct a continent-wide analysis, which
is also hindered by the fickle climate factors which vary by time and geographical
location. Besides the fact that precipitation is a source of recharge, the connection
between groundwater and climate is not well-understood (Crosbie et al., 2013). Shallow
wells appear to be very responsive to temperature variations. The highest-resolution
measure of water table is 1 measurement every 2 minutes, and it was done for 5 days in
July for a shallow well in Oklahoma. The reason for this meticulous effort is unclear. The
result is a sinusoidal variation with times of the day, with peaks in the early morning and
troughs in the evening, possibly a result of dew formation overnight and
evapotranspiration during the day. On a seasonal scale, the peaks are mostly around April
and troughs around August.
Shallow wells, usually defined as 30 ft. or less, rarely change much since there is
not a lot of physical room for change, nor is it as common a water source for humans as
deep wells. Deep wells, usually defined as 200 ft. or more, lie beneath layers of sand, soil,
and rocks, and show a considerable and highly-variable lag in response times to climate
ranging from a few seconds to millions of years (Sophocleous, 2012). In particular, the
correlation between groundwater levels and precipitation is of the most interest, since it
contains clues about an aquifer’s vulnerability to human overexploitation. Two good
examples of this correlation are the extensively-studied High Plains and California Valley
aquifers, the depletion of which accounts for half of nation-wide depletion (Scanlon et al.,
2012). Central and south of High Plains suffered much more severe depletion than
Northern High Plains mainly because they don’t receive as much rainfall.
Groundwater policies overview
Groundwater had been under-regulated in the U.S. throughout the twentieth century 8 .
One reason is that wells are often located on private properties. Different authorities
imposed their own policies, resulting in a complicated set of regulations that were
difficult to enforce (Horne, 1982). Most states, to date, still lack a comprehensive and
The term “under-regulated” is arbitrary, of course. What it really means is that the stringency of
regulation in the past has led to over extraction and all its associated negative consequences.
8

7

Christine Wen

Professor L. Freeman

coherent management plan (Fort, 2011). Moreover, there has been little federal
involvement as groundwater availability and usage vary widely across the country.
Dependence also varies: Some states rely solely on groundwater or surface water, some
on both, some on imported ground or surface water from other states. Different states
have different usage patterns—industrial, agriculture, consumption—depending on their
unique demands. The discourse on policies and regulations is further complicated by the
fact that depletion historically has not been documented or assessed (Konikow and Kendy,
2005), and the accurate approximation of the magnitude is easier said than done.
At the 2008 MODFLOW conference in Prague, where users and developers of
groundwater models had been gathering since 1998 to exchange knowledge and ideas
about the applications, the central issue addressed was “if, when, and how groundwater
models are used and could be used in conjunction with public policy … so that … models
are used effectively to foster good decision making” (Hill, 2010). The lack of
understanding about groundwater systems in the previous decades has largely contributed
to lack of regulations and consequent large-scale depletion in many parts of the U.S. The
conundrum has its roots in the difficulty of managing and regulating something so deep
underground, unseen and untouched until pumped out, its interactions with surface waters
and climate intricate and elusive.
In the decade 1980-1989, at least 30 states enacted major groundwater laws in an
attempt to achieve greater sustainability (Blomquist, 1991). This period coincided with
severe budget cuts to the USGS9, and as a result, many wells ceased to be monitored.
Available data is highly fragmentary spatially and temporally. In cases where there is
active regulation on water withdrawal, the effect on water level is impressive. For
example, San Diego’s shifting in the 1940’s from groundwater pumping to importing
water, groundwater level rose steadily in 4 out of the 5 deep wells10. On the other hand,
the effect of under-regulation is just as significant. A group of deep wells in the basin and
range basin-fill aquifer under the Anza Borrego desert have seen dramatic declines over
the past 60 years due to water withdrawals in an arid area with little precipitation. The
ground above the Central Valley aquifer systems have sunk about 50 feet from land
subsidence caused with over extraction.

9

Funding is cut for NOAA as well, although overall science and R&D expenditure increased
These results are from my previous research. A group of new medium-depth wells constructed after
1990 in San Diego show straight declines.
10
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3. CONTRAST IN GROUNDWATER MANAGEMENT:
CALIFORNIA AND NEVADA
California
Groundwater ownership in California adheres to the common law with rule of reasonable
use, which means that a landowner has free access to water beneath his property provided
that he does not deliberately waste it or harm his neighbors. There is no state-wide permit
system governing groundwater extraction. The most recent 2014 drought in California is
a high point in the state’s history of water shortage and is bringing groundwater to the
forefront. Meager surface water and reduced snow melt from Sierra Nevada due to
climate change has led to increased reliance on groundwater. Because of over-extraction,
the surface over part of the Central Valley has sunk about 50 feet, which is a permanent
reduction of storage capacity.
California boasts a proud tradition of local groundwater management. First of all,
the state does not own the groundwater. Local agencies are granted authority by the
California Water Code’s 1992 amendment to regulate water delivery. They are usually
the entities that deliver water to people and their authority to institute groundwater
management varies. These agencies include, but are not limited to, county or municipal
water authority or sanitation/irrigation/conservation/flood/utility/reclamation districts.
They can also cooperate and coordinate with each other and enter into joint-power
agreements. The Water Code does not require any of the local agencies to report their
plans or activities to the CADWR, and the CADWR is not permitted by the legislature to
regulate groundwater use. At best it can cooperate with local agencies, provide them
support and information, and produce guides and plans. The California Water Plan is
updated once every five years. In addition to local agencies, there are also 13 special act
districts have greater power to monitor and limit groundwater extraction. Local
governments of cities and counties can also enact their own ordinances to govern
groundwater, and currently 30 out of 58 counties have such ordinances. When conflict
arises among groundwater owners, extractors, and appropriators, the court steps in to
decide who can extract, how much can they extract, and who is the overseeing water
master11.
It was only 5 years ago when a California state legislation was passed that require
all groundwater basins be monitored by state or local agencies, with the help of grant, to
11
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gauge the rate of extraction before 2010. If more than one local government entity apply
for a basin, the California Department of Water Resources (CADWR), a state-level
agency, decides who will be in charge of that basin; if no one applies, the CADWR will
take charge (Patashnik, 2011). Different levels of priorities, efforts, and capabilities in
administering groundwater withdrawal within the state have weaved a patchwork of
regulation effectiveness with some areas doing much better than others. It is precisely the
successes of some parts of the state that have been fueling the confidence in local
management. Arguments against state management include issues of public
accountability and political will of state agencies, and there is concern that imposing state
controls now will compromise the success of some local agencies (Patashnik, 2011).
However, the recent water crisis, its effect on farmers and agricultural activities, and the
critical situation of many California’s aquifers made it clear that some changes have to be
made. The monitoring bill, although a move in the right direction, is not enough by itself,
as many places are monitoring their water and depleting it at the same time.
Figure 2a below shows the counties in California that have enacted groundwater
ordinance. Larger counties are more likely than smaller counties to have an ordinance.
Most of these ordinances do not limit the extraction of groundwater but do require some
wells be designated for monitoring. The reverse does not always hold. As observed from
Figure 2b, which shows the total number of measurements in the 50 years normalized by
the number of wells, Santa Barbara and Tulare do not have ordinances but monitor their
water levels actively. There are no Tulare wells in the final study sample because
measurements are concentrated on a few wells in a short period of time. This type of
monitoring pattern can be observed throughout the country as the result of either arbitrary
decision on the part of regulators or response to an extreme event. The counties with no
ordinances and/or few measurements mainly lie in the northern half of Central Valley.
In 1978 a report by the Governor’s Commission to Review Water Rights Law
recommends implementing state-wide program of local management authorities but did
not translate into legislation for a long time12 (Schneider, 1978). A recent working paper
from the Woods Institute for the Environment at Stanford University includes the
surveying of over 50 local water management plans and the uncovering of a wealth of
innovative strategies used by local agencies, while acknowledging that lack of central
oversight led to inaccessible information, which is confirmed in this paper. The
monitoring bill of 2009 (also known as SBX7-6) led to the establishment of the
California Statewide Groundwater Elevation Monitoring (CASGEM). One year after the
12

Until 1992 amendment to the Water Code

10

Christine Wen

Professor L. Freeman

publication of the Stanford paper, an online water data library became available with
information about groundwater level and quality. In a decade or two, there will be enough
data for long-term trend analysis.
Figure 2a – California counties, ordinance and monitoring amount
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Figure 2b – Number of measurements per well

Nevada
By contrast, all of Nevada’s surface water and groundwater are administered by the statelevel agency Nevada Division of Water Resources (NVDWR). All surface and
groundwater within Nevada belong to the public, and are managed by the State Engineer,
or head of the NVDWR. It is also responsible for adjudicating and settling disputes.
While the water right in California is subject to rule of capture and reasonable use, in
Nevada it is subject to the principle of prior appropriation and beneficial use, which
means the first or the earliest person to claim unappropriated water will be granted that
right on the condition that he puts the water to beneficial use. ‘Right’ here means the
right to use and does not imply any form of ownership or association between water and
land. There have been two state comprehensive water plans, one in 1974 and the other in
1999, created by the NVDWR. As of the time of drafting the second plan, all surface
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water in Nevada has already been appropriated and only groundwater far away from
urban centers remained available for development (NVDWR, 1999). The 1974 plan led to
a few statutory changes to groundwater law coded in Nevada Revised Statutes (NRS) 534.
Perhaps the most important one is granting the right to State Engineer, or head of the
NVDWR, to restrict groundwater extraction if recharge rate is not sufficient to make up
for the loss. This revision went into effect in 198913. All surface and groundwater within
Nevada belong to the public, and are managed by the State Engineer.
In terms of rainfall and snowfall, Nevada is the driest state in the U.S., and
groundwater makes up about 40% of Nevada’s total water supply. It may have been out
of necessity to conserve water that led to such stringent governance. Even in the case of
California, until the 1930’s groundwater ownership and right are provided by the English
common law, which later proved to be fine for England but much too reckless for a
water-scarce area like California (Lambert, 1984). As will be shown later, more than half
of the study wells in Santa Barbara have rising groundwater levels over the years,
especially since the early 1990’s, possibly as a result of extensive monitoring. A report on
managing the Santa Barbara basin noted problems with saline intrusion near the coast,
which may have fueled the effort14. When necessity is not enough to get things started,
there must be a mechanism to push for actions before it is too late. With this said, the
next section begins with a methodology and compares groundwater level records over the
past 50 years – how many there are, where they are, and how they have changed.

4. Hypotheses
Results of analyses presented in the next section will be used to test the following
hypotheses:

1. (tested by cluster analysis and spatial dependence analysis) wells with
similar trends are clustered (located in proximity to one another) in
California, but not as much in Nevada. The reason for this is that
California’s groundwater is managed by a patchwork of local agents, and
therefore the effectiveness of management varies greatly from one place to
another within the state. In Nevada, because groundwater is managed by

13
14

From NRS (Nevada Revised Statutes)
Retrieved from http://www.water.ca.gov/: DWR bulletin 118
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an overarching authority (the state engineer), there is no spatial pattern of
trends.
2. (tested by trend analysis) counties in California that have enacted
groundwater ordinances show less decline on average than those without.
3. Monitoring groundwater level does not necessarily lead to better
management. Available data through the USGS is concentrated in a few
counties because monitoring was not required before 2009. In these places
where satisfactory data is available, rises in groundwater levels may be
observed because of greater attention and effort in groundwater metering;
declines may also be observed because 1. Monitoring does not imply
reduced withdrawal and 2. These may be “hotspots” where high rate of
extraction and vulnerability to over-extraction were previously suspected
or confirmed, and continued monitoring is imperative to ensure knowledge
of groundwater status; recharge rates in these places may be so slow that
even low extraction rate causes decline. In other words, both rises and
declines in the study sample groundwater levels can be sufficiently
explained with one or more of the reasons above.

5. DATA AND METHODOLOGY
This section explains the data and methodology employed in the subsequent quantitative
analysis. Available groundwater level data is collected by the USGS15, and currently it is
the most comprehensive database that exists, since it has been only two years since the
state-wide monitoring program in California was launched. Groundwater level refers to
water table, the point at which rocks and soil are saturated with water and pressure head
is equal to atmospheric pressure (Freeze and Cherry, 1979). It is the depth to water as
measured from surface of the ground. Because all values underground are positive, a
larger positive numerical value indicates a lower water level. Therefore, going from a
larger to a smaller value is a rise in groundwater level, and the reverse is a decline. Very
occasionally there will be negative values, which are possible near a spring.
Measurements are usually not made on regular time intervals, nor is there a set number of
measurements to be taken each year. Some wells have been measured once or twice since
they were constructed; are monitored on a daily basis; some are measured at least once
15

All data hereafter is from http://nwis.waterdata.usgs.gov/usa/nwis/gwlevels
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every year for many years; some are intensely measured in only one particular year.
Therefore comparing across different sites require a great deal of data processing before
the data can yield useful information.
Figure 3a – Number of well measured per year, 1964-2013: California

Figure 3b – Nevada

Overall in California, 42109 different wells have been monitored at some point in history,
although many of which are not monitored or in operation today. In Nevada, 12,071 wells
have been monitored at some point in history. One of the reasons that there are fewer
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wells in Nevada is possibly that there are much fewer farms, although acreage per farm is
much larger. Figure 3 shows the number of wells measured at least once each year from
1964 to 2013. The small dip around the late 80’s corresponds to period of significant
federal funding cut to the USGS and NOAA. In California, on average 1300 wells are
monitored every year. For Nevada, there is a steep increase since 1964. This could mean
that more wells were constructed and monitored from 1964 to around 1998 where the
peak is, but since most of Nevada lies on one aquifer, the more likely explanation is that
the wells already existed but monitoring increased. In relation to the total number of
wells, Nevada displays better monitoring effort.
Figure 4 – All wells monitored at some point between 1964 and 2013

Figure 4 shows all wells that have been monitored at least once in the study period. There
are not many wells near the Colorado River. The very deep wells along the San Joaquin
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and Sacramento Rivers are indicative of water depletion in the Central Valley. The
Southern Nevada volcanic rock aquifers contain some of the deepest sites in Nevada, but
these were monitored in high resolution over a few days or at most a year, and are
therefore not part of the study sample. The grey dots in the background represent
population; the correspondence between density and well location is stronger in
California because of less restriction on private drilling.
Since this paper is mainly concerned with annual data in a time series over 50
years from 1964 to 2013, sites that have been measured too few times do not provide
adequate long-term information. Therefore, the lower bound of 30 total observations is
set to eliminate these sites. This first filter will preserve all possibilities ranging from 30
observations spread out over 30 years with 1 observation per year, to 30 observations
concentrated in a few years at the beginning and/or end of the study time window, to all
30 observations clustered in one particular year. Since yearly resolution is sufficient for
studying long-term trend, one value per year per site is computed with unweighted
average of measurements for that site, if it has more than 1 measurement that particular
year.
The result is a matrix with columns representing annual averages from 1964 to
2013, and rows representing the wells, designated by a 15-digit code. Figure 5 shows an
example raw and processed data. Finally, the matrix is filtered again to contain sites with
continuous or nearly continuous data, because absolute water levels without information
about storativity are not as useful as changes in water levels. If a site has many highresolution records concentrated in one or two year, it is impossible to gauge trends
because of seasonal fluctuations. Since the main concern is the progression over 50 years,
even records spanning 10 or 20 consecutive years cannot provide the whole picture.
There are only 29 and 4 sites, respectively, with complete data for all 50 years; to
increase sample size, Nevada sites with data spanning at least 30 years are preserved and
California sites with data spanning at least 40 years are preserved 16 . The final study
sample consists of 130 California sites and 77 Nevada sites that survive through the
filters. Missing values for certain years are extrapolated linearly based on the sequence of
existing values either before or after that year, whichever sequence is longer. All of this is
done to ensure robustness of data. Because the quality of data for all the wells varies
widely, increasing robustness of study data necessarily implies a reduction in sample size.
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Figure 5a – Example of the final processed data

Figure 5b – Example of raw data

Geographical distribution of the study sample
The maps in section 5 will show location of the 130 California wells and 77 Nevada wells
in the study sample. For California the wells are concentrated in the southern portion of
the state. The Z statistics can be used to verify the type of distribution with 95%
confidence interval:
1. clustering: 𝑍 ≤ −1.96
2. random: −1.96 < 𝑍 < +1.96
3. uniform/regular: 𝑍 ≥ +1.96
Even with filtering, there are many sites in one state, and plotting them on the same graph
would produce a clutter. One way to simplify trend analysis is grouping them by behavior
using the k-means cluster analysis. The time series for each site is normalized by the its
average, because wells of similar depths tend to exhibit similar depths to water and end
up being grouped together. Normalization will equalize all well averages to 1 and put
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them on a comparable scale. If k is set to equal 4, one cluster would usually capture rise
and another would capture decline. Another one would normally capture sites with odd
peaks or troughs at approximately the same time, and the last one is a catch-all of wells
that display random fluctuations and don’t belong to any other group. Mapping the
clusters provides information on spatial distribution of trend types, overlaid with major
lakes, rivers, population distribution, and county boundaries in the case of California.
What constitutes a trend? Monotonically increasing or decreasing slopes are
obvious but not characteristic of most wells. Some show peaks in certain years or just
random fluctuations, while others may show a rise in some sub-interval and decline in
another (Figure 6). To find out if there is indeed an overall trend over the 50-year period
or if rises and declines are random, the Mann-Kendall test is used with the null
hypothesis that trend is not present. The alpha value or the confidence level is set as 0.05,
which means that the null hypothesis is to be rejected only if there is 95% confidence that
the trend is genuine. For the entire U.S., the number of wells exhibiting a trend increases
with well depth, which makes sense since the water level in a shallow well cannot change
very much. For the three quarters of the study wells that do show a trend, linear
approximation is used to compute the magnitude and direction of change given by the
size and sign of slopes, respectively.
Figure 6 – Examples of trend and fluctuations17

The trend test is preceded by a simpler approximation based on end points only
and not the paths in between. All filters are removed, and sites with only 1 observation
overall are also included. For the set of wells with records in 1964 and the set of wells
with records in 2013, their intersection is taken, and the difference between 1964 levels
17

These are retrieved directly from USGS, but only possible for small queries
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and 2013 levels is computed. This method is more accurate for monotonic trends than
others, but it serves as a good first approximation. As the results will show, the end-point
analysis and trend analysis agree to a large extent.
Finally, while mapping the clusters can provide a general impression about the
spatial distribution of trends, a spatial variogram is a useful method of quantifying it. The
semivariances of the slopes arrived at from linear approximation and distances between
pairs of points (wells) are computed. These are averaged over all pairs and plotted: The
horizontal axis is the averaged distance between pairs of observations; the vertical axis is
the averaged semivariance. This shows if spatial distance has an effect on trends.
With very few exceptions, sites are coded with a 15-digit identification name. The
data file includes a column for the date on which measurement was made, the site ID, and
the measurement. Contained in a separate file is information about the selected sites, such
as well depth, longitude/latitude, altitude, county and state FIPS, map name, construction
and inventory dates, basin and aquifer code, hydrological unit, the starting and ending
date (if applicable) of water quality and level measurement, as well as the total number of
measurements to date (see Figure 7 for example). Sites are coded with a 15-digit
identification name. The data file includes a column for the date on which measurement
was made, the site ID, and the measurement. The longitude/latitude coordinates allow a
site to be mapped, and information such as well depth is useful because it gives an idea
about the depth of the aquifer, which affects its recharge rate and vulnerability to climatic
shocks. Well depth is not to be confused with water level, but these two are usually the
same order of magnitude because it is not profitable to drill any deeper than necessary.
The total number of measurements is convenient in knowing the monitoring effort in an
area (see Figure 2b).
Figure 7 – Example of site information data file (unused columns are taken out)

In summary, the quantitative analysis in section 5 is divided into 4 parts:
1. End-point analysis: difference between 2013 and 1964 levels. Purpose: to
provide a rough picture.
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2. Cluster analysis: k=4 clusters. Purpose: to see what type of trends the
wells exhibit; to see approximately how many wells display each type of
trend; to see where wells with similar behaviors are located in relation to
one another
3. Trend analysis: Mann-Kendall test and linear approximation. Purpose: to
see which sites show genuine trends; to find the magnitude and direction
of change from 1964 and 2013.
4. Spatial dependence analysis: experimental variogram. Purpose: To
quantify the dependence of trend on spatial proximity.

6. Groundwater Levels
6.1 End-Point Analysis
Figure 8a – End-point analysis. Zoomed into southern California
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For end-point analysis, the absolute difference between 1964 level and 2013 level is
computed for all wells that have records in both 1964 and 2013. Some of these wells are
the same as some of the wells from the study sample18. This set also includes additional
wells for which monitoring took place in the beginning and end of the time window but
was dropped in the middle19. While the end-point analysis ignores any fluctuations or
paths, it serves well as a first approximation. Figure 8a shows these wells in California,
which are concentrated in the southern portion of the state – mostly in Kern, Santa
Barbara and Los Angeles and a few in Fresno, San Bernardino, Riverside, and Imperial.
The situation in Santa Barbara is much better than in Kern or San Bernardino. Figure 8b
shows the sites in Nevada.
Figure 8b - End-point analysis, Nevada

18
19

Wells with 50 years of records, for example, are certain to have records in both 1964 and 2013
Such as due to the USGS funding cut
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6.2 Cluster analysis
Geographical distribution of the study sample
There are 130 California wells and 77 Nevada wells in the study sample. For California
the wells are concentrated in the southern portion of the state. The Z statistics can be used
to verify the type of distribution with 95% confidence interval:
1. clustering: 𝑍 ≤ −1.96
2. random: −1.96 < 𝑍 < +1.96
3. uniform/regular: 𝑍 ≥ +1.96
𝑍 is computed as 𝑍 =

̅
𝑑̅−𝛿
𝑠𝑒

, where 𝑑̅ is the observed average distance of all pairs of

nearest points, 𝛿 ̅ is the expected average distance of all pairs of nearest points based on
the map area (A) and the number of points (n), and 𝑠𝑒 is the standard error defined as
𝑠𝑒 =

0.26136
√𝑛2 /𝐴

(Trouth, 2007). The Z values for California and Nevada are -5.9 and -14.5

respectively. In Nevada, the points cover the whole state, but as shown in Figure 8b
above, there are many clusters of two or three wells.
k-means cluster analysis of trends
The k-means cluster analysis is used to separate wells into 4 groups based on long-term
behavior. The data is first normalized so that a value of 1 means the well in question has
about the same level as the 50-year average for that well. Figure 9 shows the cluster plot
in California: The two on the left half capture declining and rising trend. As expected
there are more wells with declining trends. From the end-point analysis, we expect the
wells with rising trends are the ones in Santa Barbara. The two plots on the right half
capture two anomalies – they cross the zero barrier. Negative water levels mean that
water is flowing out of the ground which serves as the datum. This is not frequent.
Figure 10 is a map showing the location of the clusters. Because the study sample
is geographically concentrated, there is not much variation in behavior and almost every
site is captured in two clusters.
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Figure 9 – k=4 clusters, California
Cluster 1 – Constant (small rise)

Cluster 2 – Rise

Cluster 3 – Fluctuation (rise overall)

Cluster 4 – Decline
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Figure 10 – distribution of k=4 clusters in California

For Nevada the clusters are much more dispersed. Because groundwater is managed by
the state, there should not be a strong correlation between cluster behavior and locational
proximity – in other words it is not expected that wells in the same behavior cluster
would be located in the same physical cluster. Nevertheless, well sites are essentially
sampling points of a continuous entity that is the aquifer. The law of continuity implies
that the change in water level from one place to another should be gradual and continuous,
which means that sites located near one another tend to exhibit similar levels and trends.
This is not always the case.
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Figure 11 - k=4 clusters, Nevada

The two clusters in the top half show sites with decline. The reason they are not grouped
together is the scale. The first cluster contains three sites with very large three-fold
decline from near 0 to 2 or 3, while the second cluster contains many sites displaying a
small decline such as from 0.6 to 1.4. The lower left cluster consists of wells that
exhibited a small decline around 1972 and 1973 but have since been on the rise,
overtaking their 1964 levels. This corresponds to the timing of the first comprehensive
water plan, although the revision to NRS 534 did not take place until 1989. The lower
right cluster consists of sites with no particular trends, although upon closer observation,
there are also dips around 1972 for some of the wells. According to USGS flood and
drought monitor, there is a severe drought around 1976, but it is unclear whether it has
any association with groundwater levels. The sharp peak and trough for two wells in year
2004 correspond with the Nevada wildland fire in timing but not in location. Unexplained
peaks are often due to data collection: There are strong seasonal variations within a year
with highest water levels in April and May and lowest levels in August and September. If
only one measurement is taken per year, there is no guarantee that measurement falls on
the same date every year.

26

Christine Wen

Professor L. Freeman

Figure 12 shows the map of the clusters in Nevada. There is no discernible spatial
pattern. Cluster 4, with no trend, contains the most sites. Cluster 3, with rising trends, are
concentrated in the southeast corner of the state near Lake Mojave and Colorado River.
Declining sites are scattered throughout.
Figure 12 – distribution of k=4 clusters in Nevada
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6.3 Trend analysis
Figure 13 – 50-year trend based on linear regression

Figure 13 above shows the trends. Mann-Kendall test is used to determine whether a
trend is present but conveys no information about magnitude or direction. The alternative
is using a minimum R-squared value, but setting it too high may miss sites nonlinear
trends and setting it too low may include sites with spurious trends. The white circles in
the map are sites with no trend according to the Mann-Kendall test, and they do have
small slopes and R-squared values as well. The northern half of the Central Valley
contains a few rising trends but there are not enough data points in the aquifer to reveal
the whole picture. All sites in Nevada are in the Basin and Range basin-fill aquifer. The
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carbonate rock aquifer lies deeper beneath the volcanic rock aquifer, deeper than basinfill, which is the primary source of groundwater.
6.4 Spatial dependence analysis
Figure 14a below a scatter plot of semivariance against distance between pairs of
observations. It is clear that California (left) shows greater spatial dependence than
Nevada (right) because more points crowd to the left (small distances). Distance is
measured as the difference between decimal longitude and latitude coordinates of two
points. Figure 14b shows the averaged semivariance against averaged distance, which
conveys the same information as the clouds: In California, a point observation tends to
resemble (small variance) its nearest neighbors, which in Nevada, this phenomenon is
virtually non-existent. At larger distances, the small variances do not have much meaning.
The focus is on distances smaller than 1 degree, highlighted in green in Figure 14b.
California shows much clearer spatial relationships at these distances than Nevada.
Figure 14a – variogram cloud, California and Nevada

Figure 14b – experimental variogram
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7. DISCUSSION OF RESULTS
The first hypothesis is that wells with similar trends are clustered (located in proximity to
one another) in California, but not as much in Nevada. The reason for this is that
California’s groundwater is managed by a patchwork of local agents, and therefore the
effectiveness of management varies greatly from one place to another within the state. In
Nevada, because groundwater is managed by an overarching authority (the state
engineer), there is no spatial pattern of trends. The spatial variogram indicates that there
is greater spatial pattern in California than in Nevada. From the maps, wells with rising
trends are located only in Santa Barbara and northern Central Valley (the latter being the
result of conscious trend reversal after findings confirmed severe depletion in the Central
Valley region). Wells with declining trends are found everywhere, but over half of them
are in Kern and Los Angeles. In Nevada, there is a group of sites with rising trends
concentrated in the Las Vegas region, which could be the result of an artificial recharge
project called Southern Nevada Water Bank Project. In conclusion, the analysis results
generally confirm the first hypothesis, but the small sample size reduces certainty.
The second hypothesis is that counties in California that have enacted
groundwater ordinances show less decline on average than those without. This hypothesis
cannot be conclusively proven because the data sample is too limited. From available
data, Kern and Santa Barbara both make frequent measurements, and the former (with an
ordinance) appears to show more wells with declines than the latter (without an
ordinance). More details are given below.
The third hypothesis is that monitoring groundwater level does not necessarily
lead to better management. This hypothesis is confirmed by both the selection of the
study sample as well as result of trend analysis. In counties where satisfactory data is
available, rises in groundwater levels may be observed because of greater attention and
effort in groundwater metering; declines may also be observed because 1. Monitoring
does not imply reduced withdrawal and 2. These may be “hotspots” where high rate of
extraction and vulnerability to over-extraction were previously suspected or confirmed,
and continued monitoring is imperative to ensure knowledge of groundwater status;
recharge rates in these places may be so slow that even low extraction rate causes decline.
Overdraft can be determined without measurement when water can no longer be drawn
from a well or if there is ground subsidence; this is just cause for concern and motivates
more extensive data collection. In other words, both rises and declines in the study

30

Christine Wen

Professor L. Freeman

sample groundwater levels can be sufficiently explained with one or more of the reasons
above.
In choosing the study sample based on the number of measurements, there is an
inherent selection bias. The elimination of “unqualified” sites in itself conveys valuable
information about monitoring. It is not a coincidence that the sites in the study sample are
concentrated in only a few counties. In fact, if we were to narrow down the study sample
of California even further by considering the ones with 50 years of data, we would find
all of them in three counties: Santa Barbara, Los Angeles, and Kern.
Without considering the actual groundwater level changes, the number of
measurements the wells in a region tells a lot about the aggregate local monitoring effort.
The counties in our study sample share common characteristics such as established
monitoring entities, regularly produced groundwater reports, and groundwater
management plans. By contrast, none of these things can be found in Trinity or Plumas –
examples of county that shows white in both maps of Figure 2, with no measurements
and no ordinance. Groundwater dependence, availability and total population may be part
of the reason. Figure 14 shows groundwater use as a percentage of total water use. It is
not necessary to normalize it by population because it is a simple proportion. This map
does not exactly correlate with Figure 2.
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Figure 15 – Groundwater as a percentage of total water use, 2005

One would expect that the reason some wells have been measured once while some have
been measured over 10,000 times is that the latter were arbitrarily chosen sample points
or they represent an area of high water stress levels, thereby mandating extra attention.
But if that is the case, we would still see a more even spatial distribution throughout
California. The cluster of sites in Santa Barbara is located above the aquifer which
extends northward along the coast and provides water to all counties along the way.
Figure 4 shows a wide strip of coastal wells that encompass at least 10 counties, but the
entire study sample is found in Santa Barbara only. By contrast, the wells in Nevada are
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spread out over more counties even though there are fewer and larger counties compared
to California. This is because California consists of a patchwork of regulating agents,
which explains the lack of spatial spread.
Monitoring requirements do not always translate to measures restricting the
amount of extraction. For example, there are many study sites in both Santa Barbara and
Kern, but there are many more declining trends in Kern and measurements per well is
also much lower. The CASGEM is an excellent first step toward greater awareness of the
state of their underground water resources, but knowledge of the Central Valley depletion
has existed for a long time and it did not lead to more data collection or active restriction.
Until now, most of the counties in California that have not enacted an ordinance are in
Central Valley.
Santa Barbara does not have a groundwater ordinance, but the water resources
division of the public works department complies with the requirement of the county’s
comprehensive plan adopted in 1994 which states that:
The County Water Agency shall continue to monitor water levels from
existing monitoring wells and, in coordination with the U.C. Cooperative
Extension/Farm Advisor, shall request, on a voluntary basis, private and
public water purveyors and major private groundwater users, including
agricultural users, to provide periodic records of groundwater production.
Unless deemed unnecessary by the Water Agency's Board of Directors for
any year, the Agency shall compile an annual report on the status of
pumping amounts, water levels, overdraft conditions, and other relevant
data, and shall submit this report to the Board of Supervisors for its
acceptance and possible further action.
The set of goals and action policies developed by the county stems from concern about
moderate to severe overdraft in several of the basins, which supply 77% of the county’s
agricultural, industrial, and residential water use (Santa Barbara County groundwater
report, 2011). In Kern county, since the 1970’s, over $300 million has been invested by
the government into its water banking infrastructure in the portion of San Joaquin valley
within its borders. However, this area is not within the study sample.
Because there was no legislation until 2009 that mandates the agencies to report
their activities, there was no way to enforce monitoring. The authority for county to adopt
ordinance came about only in 1992, and Figure 3a shows that the number of wells
metered did not increase since plateauing around 1992-1994. A USGS (2003) report on
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groundwater depletion across the country compares pumping water from underground
without monitoring to withdrawing money from the bank without bookkeeping. Having
adequate information is a prerequisite for implementing appropriate policies, at both local
and state scales.
There is another political hurdle to go from the CASGEM to actual restriction or
surcharge. Even SBX7-6 was unpopular because of metering cost and a fear of growing
state interference in local matters (Rowley, 1998). Local agencies, as direct suppliers of
water to residents, have vested interest in the groundwater they manage and are naturally
aware of the stakes without the need of central supervision. While a few agencies and
special acts district apply mandatory or voluntary metering and more are considering to
do so, there are still many challenges to enhancing the monitoring system – budget cuts,
abandoned wells with long historical records, measuring from production wells which
can skew water level measurements, and unknown construction data and aquifer
information (Nelson, 2011).
There is also a question of equitably distributing the cost. One way is restricting
water extraction by assigning quotas, which would activate price mechanism, making
water more expensive as to discourage withdrawal. Another way is charging fees directly
from private well owners. Both are likely to meet with objection as many users are
farmers who depend on groundwater for subsistence, have limited means, and suffer the
most during droughts.

8. CONCLUSION
The findings show that leaving the responsibilities to local actors does result in some
places collecting more data or exhibiting overall less decline than others. Wells in
counties with more thorough data do not necessarily show better trends. In other words,
counties with similar number of observations can show very different level changes.
Overall it is difficult to draw conclusion about the relationship between ordinances or
number of observations and groundwater level changes because long-term data is lacking
in some counties and missing entirely in many others.
One planning implication finding the optimum institutional setup for managing
groundwater now that it is becoming a necessary. Groundwater laws and rights are often
complicated. For example, since the early 20th century, water disputes in California are
settled case by case and progress of evolution into today’s framework was very slow. The
rationale for planning is to cushion the shocks: Some places have a lot of water; some
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places have little; some years are wet; some years are dry. As in Arvidson (2013), “This
is a planning issue [:] there is too much water in some years, not enough in others… how
do you plan for that?” The question is how the regulatory system should be designed so
that cost is lowered and distributed justly.
This paper investigates groundwater management in California and Nevada in
conjunction with groundwater level trend over the past 50 years. While missing data
makes analyzing difficult, it is informative of inadequate data collection. Linear fitting
shows that there is greater decline in Nevada, at least in the study sample. Whether the
study sample is representative of the entire state is another question. If it is, then results
indicate that state management is not necessarily superior to local management20. Future
research on the impact of SBX7-6 will be useful in determining whether improved
accessibility to information, of which groundwater level is only one of many aspects, can
effectively translate to policies tailored to critical areas. Combining the flexibility and
innovation of local management with oversight, supervision, and funding assistance can
contribute to sustainable use of groundwater without exacting unjust cost on individual
groundwater users.
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APPENDIX – 1. National aquifers in continental US

APPENDIX – 2. Code for data processing and analysis
% average.m - computing the
@Christine Wen
% import: 'a' is the vector
% import: 'b' is the vector
% import: 'c' is the vector
downloaded from USGS

average of groundwater (and everything else)
containing the raw DATES as downloaded from USGS
containing the raw SITES as downloaded from USGS
containing the raw groundwater level VALUES as

% outermost loop traverses the entire raw list
% if this date a(i) is the same as the next date a(i+1), increment count
% else 'i' is the last of this date and 'start' is the first
count=1; % keep track of how many entries per month (including dup sites)
yearmonth = zeros(100000,1); % vector to store the date
bbb = zeros(100000,1); % vector to store the site names (unique for each
date)
ccc = zeros(100000,1); % vector to store the average for each site
k=1; % keep track of where we are in 'bbb' and 'ccc'
for i=1:length(a)-1
if a(i) == a(i+1)
count=count+1;
else
ab = zeros(count,1); % vector to store all the sites for this
particular date
ac = zeros(count,1); % vector to store all groundwater values for
this particular date
start=i-count+1; % the index first occurence of this date ('i' is
the last)
thismonth = a(i); % we are at this date
for j=1:count
ab(j,1)= b(start+j-1); % copy over from 'start' to 'i' the sites
ac(j,1)= c(start+j-1); % copy over from 'start' to 'i' the
values
end
u = unique(ab); % list of unique site names for this date
n = length(u); % how many unique sites
freq = zeros(n,1); % store the count for each site
avg = zeros(n,1); % store the average for each site
s=1;
t=1;
for r=1:length(ab)-1 % go through all dup sites, keep count
if ab(r)==ab(r+1)
t=t+1;
else
freq(s)=t; % store count in frequency
s=s+1;
t=1;
end
end

freq(s)=t;

% store the count for the last site

r=1;
s=1;
t=1;
for r=1:n
avg(r)=mean(ac(t:t+freq(r)-1)); % get the averages
t=t+freq(r);
end
for r=1:n
yearmonth(r+k-1)= thismonth; % fill in our final vectors
bbb(r+k-1)= u(r);
ccc(r+k-1)= avg(r);
end
k=k+n; % update our position in 'bbb' and 'ccc'
count=1; % reset 'count' for the next date
end
end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% unify.m -- putting items in 'c' in matrix of 'a'x'b'
% @Christine Wen
% import 'a' years (columns)
% import 'b' sites (rows)
% import 'c' average gw lvls
% output 'm' the matrix of yearly averages
% output 'site' the list of unique sites (rows of m)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
n=length(a);
k=1;
min=5000;
minyear=0;
for i=1:n-1
if a(i)==a(i+1)
k=k+1;
else
if k<min
min=k;
minyear=a(i);
k=1;
end
end
end
minsite=zeros(min,1);
j=1;

while a(j)~= minyear
j=j+1;
end
for i=j:(j+min-1)
minsite(i-j+1)=b(i);
end
aaa=zeros(n,1);
bbb=zeros(n,1);
ccc=zeros(n,1);
k=1;
for i=1:n
for j=1:min
if b(i)==minsite(j)
aaa(k)=a(i);
bbb(k)=b(i);
ccc(k)=c(i);
k=k+1;
break;
end
end
end
year=unique(aaa);
site=unique(bbb);
lensite=length(site);
lenyear=length(year);
lendata=length(aaa);
m=cell(lensite,lenyear);
for k=1:lendata
yr = aaa(k);
st = bbb(k);
gw = ccc(k);
for i=1:lensite
for j=1:lenyear
if st==site(i) && yr == year(j)
m(i,j)=num2cell(gw);
break;
end
end
end
end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% filtertable.m - filter out missing data @Christine Wen
% import: 'm' matrix of data
% import: 'id' vector of unfiltered site names
% output: 'fdata' matrix of filtered data
% output: 'fid' vector of filtered site names
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
sz=size(m);
h=sz(1);
w=sz(2);
fdata=zeros(h,w);
fid=cell(h,1);
k=1;
index=zeros(h);
for i=1:h
for j=1:w
if m(i,j)==-9999
break;
end
if j==w
fdata(k,:)=m(i,:);
index(k)=i;
k=k+1;
end
end
end
s=1;
for r=1:h
if r==index(s)
fid(s,1)=id(r);
s=s+1;
end
end

