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Abstract
Estimates of lake volume are necessary for caiogjaesidence time and modeling
pollutants. Modern GIS methods for calculating lské&ime improve upon more dated
technologies (e.g. planimeters) and do not requotentially inaccurate assumptions (e.g.
volume of a frustum of a cone), but most GIS meshaal require detailed bathymetric
data which may be unavailable. GIS technology caoaoect for a lack of data;
however, it can facilitate development of methdd® better use the relatively simple,
and more widely available measurements of lakeesshagd maximum depth. In this
research note we describe a method to model bathyed estimate the volume of a
lake with a limited set of data that consists arflg maximum depth measurement and a
GIS layer of lake shoreline. Using a simple lineansformation, we estimate depth as a
function of distance from shoreline and with theuleant information estimate lake
volume. We applied and compared this method witimases derived from field
bathymetry data of 129 lakes in New Hampshire. éwwNHampshire lakes, the
assumption of depth as a function of distance jg@piate and the simple GIS method
has lower overall error than simply using the folafor volume of a cone to estimate
lake volume. This approach has broad implicationté assessment of lake condition
from national surveys (e.g. USEPA’s National Lakesessment) and should improve
upon models of nutrients, contaminants, and hydgo&ven in the absence of detailed

bathymetric data.
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Scientist and managers need information on lakenve to estimate lake
residence time, model concentrations of pollutant nutrients, and calculate lake
productivity. Inaccuracies in the estimation ofdalolume will therefore impact our
ability to fully understand and manage lakes. Ind@al situation, methods used to
calculate lake volume to keep pace with currertiietogies that have been assessed for
accuracy and precision, and allow for reprodudipidif results. However, this is not
always the case.

Lake volume is still commonly estimated by caltinig the area of depth
contours from paper maps with a planimeter; a neethat has not changed significantly
over the last century (see Welch 1935). For eactour slice, the volume is estimated
by applying the formula for volume of the frusturnaocone; total volume is the sum of
the volumes of individual slices (Kalff 2002, Wetaad Likens 2000). While this
method has worked well, it assumes that the lakehs shaped as multiple conic frusta
(Figure 1a), requires a complete bathymetric suteeyenerate contour maps from which
to calculate area of depth contours and it doesaket advantage of advances in
technology such as Geographic Information Syst&shS)( A more modern approach
and one often used in terrain modeling is to us® Glestimate the volume of a
Triangulated Irregular Network (TIN) created fronetbathymetry points in the
bathymetric survey (e.g. Zhou et al. 2008). Thishoé also requires a complete
bathymetric survey, but is based on a more realistidel of the actual lake basin (Figure
1b). Given the existence of a detailed bathymeuiwey, an analyst or lake manager
need go no further than calculation of a TIN; hoeredetailed bathymetric data are

expensive to collect and are not always availalités is especially true when a large
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number of lakes are involved. In these instan@&3lS may be used to facilitate
development of methods that better use simpleiamtet data, such as lake shape and
maximum depth.

The recently completed National Lakes Assessnidliod) is a good example of
this situation. The only data available for alléakncluded in the NLA were GIS layers
of lake shoreline, and thus lake area, and a freddsured estimate of maximum depth.
Given this limited set of data there are only agtewf possible conceptual models for
estimating lake volume. The simplest is to assummenécal volume (Figure 1c). While
this assumption is quick and easy to apply, its¢adalism. Alternatively, one could
assume that depth is a function of distance froomesfFigure 1d). This assumption is
easy to implement in a GIS, requires very littitagdland incorporates a higher degree of
realism.

We developed a simple GIS method that uses almititta (i.e. lake polygons
and a single estimate of maximum depth) to imprtbeeaccuracy of lake volume
estimates over those based on the traditional aariiones. Our goal for this research
note is to describe the method we developed tmastithe volume of a lake with this
assumption, apply it on a subset of New Hampshked and then assess the methods
accuracy at estimating lake volume as comparedhane calculated with the formula

for a cone.

Materials and methods:

Study Site:
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The methods we describe in this note are applidablall lakes where data on shoreline
location and maximum depth are available. For amuassessment, we limited the
analysis to 129 NH lakes for which we have detdiathymetric data (Figure 2). The
lakes range in size from approximately 2.8 ha #73ia with an average size of
approximately 870 ha. Field measured maximum diptthese lakes ranges from 1 m
to 38 m with an average field measured maximumrdepiO m. The lakes span the

entire state of New Hampshire and represent a widge of geophysical settings.

Estimating volume using depth as a function of distce:

If we assume a linear increase in depth with degdrom the shore then we can estimate

the lake depth at any point with the following simpnear transformation:

1)

Where Z is the depth for any given location, Dhis Euclidean distance from the
shoreline, including islands%xis the measured maximum depth for a given lake and
DmaxiS the maximum distance from the shoreline of @gilake. To apply this formula
across an entire lake requires the following stépsonvert polygon lake data to raster (a
standard procedure in raster-enabled GIS packagels,as ArcGIS 9.3 ™ with the
Spatial Analyst ™ extension), 2) calculate distaoiceach cell in lake to lake shoreline,
and 3) use formula 1 to transform distance to defitle result of these 3 steps is a GIS

raster layer with each cell (of known area) repnéag an estimate of depth at that point.



This is a “Green Open Access” copy of the manusciTihe final formatted article is
available fromhttp://dx.doi.org/10.1080/07438141.2010.504321

Estimating lake volume is simply a matter of cadtulg (i.e. cell area x depth) and

summing the volume across all cells.

LakeVolume=  CellArea* Depth (2)
i=1j=1
Based on these formulas, we developed a scripeiiRtlanguage for statistical
computing that uses R tools for spatial data hagdind ArcGIS 9.3 ™ scripting objects
via the R library RPyGeo for the spatial data asiglyhat implements these formulas
(Supplement 1; Brenning 2009, R Development ConT2009). We refer to this

method as the “distance method.”

Assessment data and methods:

Bathymetry data for 129 lakes in New Hampshireensarquired from the NH
Department of Environmental Services (Robert Esialband Scott Ashley, pers.
comm.). For each bathymetry point in a lake théadise to the shore was calculated
using a Euclidean distance function in the GIS.dMeelated distance to shore with
depth to test the assumption that depth is a fonaif distance from shore; significant,
positive Pearson’s correlation coefficients suppioetassumption.

Maximum depth values from the field bathymetryweayrwere used to estimate
volume for both the conical formula and the diseanethod. For each lake the
bathymetric data density was sufficient to creatéMithat provided the most accurate

representation of the three dimensional structéiteenlake basin that was available to
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us. A “true” lake volume was then calculated frdra TIN and compared to the conical
and distance method volume estimates.
Four methods were used to assess accuracy. lersadulated the percent

difference for each lake between each method anttile volume (i.e. TIN volume);

_ Estimated@lume TrueVolume €))
TrueVolum

PD

the second metric we used was root mean squaegetiffe (RMSD) to compare the

differences between methods, and;

(Estimateddlume- TrueVolumg
RMSD= N (4)

Lakes

the third metric was the probability that a giveathod more accurately estimated the

“true” volume. The formula for calculating this ftre distance method is

N ,
P( MoreAccu rdE) - |DistVolume TrueVolum¢<|ConicalVoume TrueVolumg
NLakes (5)

To estimate confidence intervals for all three mstwe used 1000 bootstrapped samples
and used the 0.975 and 0.025 percentiles as estroathe upper and lower confidence
limits (Hollister et al. 2009, Manly 2007).

Lastly, we used linear regression (estimate ve)tto assess accuracy (Hollister
et al. 2004). As a measure of accuracy, two vakasdd be in perfect agreement when

the regression of those two values have B?mual to one, a slope; equal to one,
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and an intercept ) equal to zero. The volume estimator that hasftemd ; nearest to

one and o nearest to zero is the most accurate.

Results and Discussion

The distance method volumes ranged from 0.45&&rh16 kni with a mean
value for all lakes of 3.62 kin The conical volumes ranged from 0.420°km161 kmi
and had an average value of 4.21°Kihe “true” volumes ranged from 0.347 kto 81.0
km® with a mean of 3.60 kiSupplement 2). A student’s t-test on the diffeemnc
revealed no significance difference= 0.05) between either the distance method
estimate and the “true” value or the conical estezand the “true” value.

The assumption that depth is a linear functionistaghce is reasonable. Using a
simple ratio of the gaxDmax results in a linear transformation that is apgiego lakes
with widely varying ZnaxDmax ratios (Figure 3). Also, of the 129 lakes testzB
(95.3%) had significant (= 0.05), positive correlation coefficients (meah806;
Supplement 2). For the remaining 6 lakes the digtanethod was a better estimator of
volume than the conical formula, but distance agpthl were not significantly correlated
(3 lakes) or the correlation coefficient was negaf3 lakes). The results support the
assumption that depth increases as distance frore gicreases.

The mean PD was slightly lower for the conical metkthan for the distance
method (0.008 vs. -0.03); however the range antiata deviation of the PD was larger
for the conical method (range = -0.46 — 2.93, stded = 0.46) than for the distance
method (range = -0.44 — 2.62, stand. dev = 0.3IMe distance method outperformed the

conical method 59% of the time and had a lower RM$B6 knf vs. 7.15 k), and
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when compared to the “true” volume, the distancéhoealso more closely
approximates the expected one-to-one relationsltippugh the slope estimates were not
significantly different at an = 0.05 (Figure 4). Lastly, the differences betw#e error
measures for each method are not statisticallyifgignt as estimated by bootstrapped
confidence limits (Table 1) and there was no apgavattern in lake morphology that
would predict which method performed better.

All metrics indicate that differences between bestimates and the true volume
were slight (Table 1 and Figure 4). This sugg#ssfor cases where a GIS is
unavailable the conical volume, based on an estimiatnaximum depth and lake area,
should provide reasonable estimates. Althouglttimécal and distance methods were
similar in their estimates of volume, in instaned®were a GIS may be used, the distance
method would be preferable because of the factfith&9% of the lakes the distance
method estimate was closer to the “true” valuethédugh not significant at an= 0.05,
the probability is significant at an= 0.07. This suggests that the higher probalulity
distance method more accurately estimating lakemaelis likely real, albeit slight.

This approach has broad implications in the assesisaf lake condition from
national surveys (e.g. USEPAs National Lakes Assen$) and should improve upon
models of nutrients, contaminants, and hydrologgnem the absence of detailed
bathymetric data. This is especially important lbseabroad-scale models that
incorporate hydrology have often reduced lakesfiatcssurfaces or center lines. Ignoring
the in-lake processes that are so closely linkasbblome and residence time (i.e.

productivity, nutrient cycling, etc.) in these mtgleesults in less realistic, and ultimately,
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less useful predictions. Simple GIS methods thebased on a very limited set of data
can possibly improve upon these predictions.

One key limitation to this approach, especially i§ to be applied at broad
scales, is the availability of field measured degdla. In cases where field measurements
are unavailable, an important addition to this pescwill be to develop GIS
methodologies based on publically available datstonate maximum lake depth. In
fact some work has been done across a wide ranigkesf in Europe to predict mean
lake depth (Pistocchi and Pennington 2006). Sinaipgoroaches might prove useful in
predicting maximum lake depth that could then betluss an input to the lake volume
estimation methods described in this note.

In summary, we have presented a simple GIS baséuloah for estimating
volume when the only data available are spatiad datthe shape of the lake shoreline
and an estimate of maximum depth. This methodssdbapon a more realistic
conceptual model and tends to be a more accurtiteads of lake volume that a simple
conical volume using the same data. This method dosvide a reasonable estimate of
lake volume that can be used to estimate mean aepthf flow data are also available,
hydraulic residence time. However, the method dm¢seplace the need for traditional

bathymetry surveys when greater detail is required.
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Figure Captions:

Figure 1. Comparison of the realism and data reguents for various conceptual models
of lake volume.

Figure 2. Map of New Hampshire lakes with bathymeta.

Figure 3. Scatterplots of depth vs. distance fogdHakes with the minimum, mean, and
maximum ZnaxDmax ratios. Points are depth and distance from bagiiym
surveys and the dark grey line represent the pietidepths using thendx Dmax
ratio.

Figure 4. Scatterplot of In-In relationship betwestimated conical volumes (Rm
distance method volumes (Rpand “true” volumes (kr). Black line represents

perfect agreement.
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