View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by DigitalCommons@USU

Utah State University

Digital Commons@USU

Reports Utah Water Research Laboratory

January 1992

A Spatially Distributed Water Balance Based on Physical, Isotropic
and Airborne Remotely Sensed Data

C. M.U. Neale
David G. Tarboton

J. J. McDonnell

Follow this and additional works at: https://digitalcommons.usu.edu/water_rep

b Part of the Civil and Environmental Engineering Commons, and the Water Resource Management
Commons

Recommended Citation

Neale, C. M.U.; Tarboton, David G.; and McDonnell, J. J., "A Spatially Distributed Water Balance Based on
Physical, Isotropic and Airborne Remotely Sensed Data" (1992). Reports. Paper 174.
https://digitalcommons.usu.edu/water_rep/174

This Report is brought to you for free and open access by
the Utah Water Research Laboratory at

DigitalCommons@USU. It has been accepted for A

inclusion in Reports by an authorized administrator of /\ . .
DigitalCommons@USU. For more information, please (l m UtahStateUniversity
contact digitalcommons@usu.edu. /'gi\“m' MERRILL-CAZIER LIBRARY


https://core.ac.uk/display/32545519?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/water_rep
https://digitalcommons.usu.edu/water
https://digitalcommons.usu.edu/water_rep?utm_source=digitalcommons.usu.edu%2Fwater_rep%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/251?utm_source=digitalcommons.usu.edu%2Fwater_rep%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=digitalcommons.usu.edu%2Fwater_rep%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=digitalcommons.usu.edu%2Fwater_rep%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/water_rep/174?utm_source=digitalcommons.usu.edu%2Fwater_rep%2F174&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

hylbo

A Spatially Distributed Water Balance
Based on Physical, Isotropic and
Airborne Remotely Sensed Data

Annual Technical Report submitted to the
U.S. Geological Survey

Award No. 14-08-0001-G2110

C.M.U. Neale
D.G. Tarboton
1.J. McDonnell

Utah State University

Utah Water Research Laboratory
Logan, UT 84322-8200

(801) 750-3172

November 1992



Y]

Table of Contents

Introduction . . . . . . . . . . . . ... L.
Revised Project Time Schedule . . . . . . . . . . ..
AGU presentation abstract . . . . . . . . . .. ...
Data Gathering and Processing . . . . . . . . . . . .

Topography and Digital EvaluationModel . . . . . . .
SiteSoilDate . . . . . . . . . .. ... ...
ARS Snow Surveys . . . . . . . ... oL
Site WeatherData . . . . . . . . . . . . .. ..

WaterBalanceModel . . . . . . . . . . . . . . ..

Input Data Run Parameters . . . . . . . . . . . ..
Initial Conditions and Basin Deficit . . . . . . . . .
Hydrologic Simulation . . . . . . . . . . . . ..
ModelRunstoDate . . . . . . . . . . . .. ..

SnowmeltModel . . . . . . . e e e e e e e e

State Variables . . . . . . . . . . .. .. ...
Driving Variables . . . . . . . . . . . . . . ..
Site and Initial Variables . . . . . . . . . . . . ..
Parameters . . . . . . . . . . . . .. ...,
Mass and Energy Balance Equations . . . . . . . . .
Parameterization . . . . . . . . . . . . . . . ..
Net Shortwave Radiation, Q,, . . . . . . . . . ..

Incoming Longwave Radiation, Q
Outgoing Longwave Radiation, Q,,
Heat with Precipitation, Q, . = = . . . . |
Turbulent Fluxes, Q, Q.. E . . . . . . . .. . ..
Snow Surface Temperature, T, . . . . . . . . . ..
Meltwater Outflux, M_ and Q_,

ooooooooo

.....

-----------

Isotope/Process Hydrology Studies . . . . . . . . . . .

.......

- = . .

......

.......

ooooooo

.......

ooooooo

.....

.......

-----

.....

.......

. - . .

- » - .

-----

.....

- . . .

-----

-------

-------

-------

.......

.......

......

------

......

The Central Sierra Snow Lab Snowcover Isope Fraction Study .

Study Site and Instrumentation . . . . . . . . . . .
Sampling Strategy . . . . . . . . . . . .. . ..
Precipitation . . . . . . . . . . . .. . ...

.......

. .

.....

.....

-

------

.....

.....

.....

.....

.....

.....

-----

.....

.....

.....

.....

.....

.....

.....

.....



Table of Contents (Cont’d)

Smowpack . . . . . . .. 0oL L Lo
MeltWater . . . . . . . . . . . . . . .. ...
Sampling Protocol . . . . . . . . . ..o L.
ResearchSchedule . . . . . . . . . . . . . . . . ...
Relevance to the Reynold’s Creek Distributed Water Balance Model
General Implications . . . . . . . . . . . . . . .. ..

Field Activities at Upper SheepCreek . . . . . . . . . . . . .

--------

---------

.........

---------

---------

.........

.........

Installation of Suction Lysimeters and Soil Moisture Instrument Installation . . . . . .

Sampling of Piezometers . . . . . . . . . . . . . . ..
Establishment of a Local Meteoric WaterLine . . . . . . . .

........

.........

Development of an Isotopic Mass Balance Within the TOPMODEL Framework

Spatial Analysis of PiezometricData . . . . . . . . . . . .
Airborne Videography and Evapotranspiration Studies . . . . . .

References . . . . . . .« . . . e e e e e e

.........

.........

---------



List of Tables

Table Page
1 Summary of ARS snow surveys at Upper Sheep Creek, 1986 . . . . . . . . . . .. 9
2 SnowmeltModel Parameters . . . . . . . . . . . . . . ... oL 18
3 Parameters adjusted to achieve fittodata . . . . . . . . .. . . 000 L 0L 32
List of Figures
Figure Page
1 Upper Sheep Creek mapped fromUSGSdata . . . . . . . . . . . . . . . . .. 5
2 AR.S. Grid reference for the Upper Sheep Creek Watershed . . . . . . . . . . .. 6
3 A.R.S.Grid-Based DEM of Upper SheepCreek . . . . . . . . . . . . . . . .. 7
4 U.S.D.A. soil series classification for each DEM pixel at Upper SheepCreek . . . . . . 8
5 Areal extent of the snow drift at Upper Sheep Creek measured during xix ARS surveys . 10
6 Contours of snow water equivalent measured in four ARS surveys at Upper
SheepCreek . . . . . . . . . . L. e e e e e 11
7 Comparison of simulated and observed flows at Upper Sheep Creek, 1986 . . . . . . 16
8 RJRvs. zfor o =0.005 cm?s for different durations . . . . . . . . . . . .. 21
9 Temperature criteria used to divide precipitation intorainand snow . . . . . . . . . 25
10 Comparison of modeled and observed waterequivalent . . . . . . . . . . . . . 31
39

11 Unsupervised classification of portion of Reynolds Creek overflightdata . . . . . . .

iv



Introduction

The objective of this research to develop a spatially distributed water balance model based on
the integration of spatially distributed data. Progress this year has consisted of model
development, instrument acquisition, installation and development of experimental procedures, and
baseline data collection.

The original research plan called for detailed observations related to the water balance over the
year September 1991 to August 1992. The detailed measurements were to start with accumulation
of the snowpack followed by melt and evapotranspiration measurements from March to August.
The objective was to measure the energy balance parameters starting with the peak accumulation,
through the melt and infiltration phases, the greenup of vegetation, the peak evapotranspiration
period and the dry-down and senescence of grasses and other species in the Upper Sheep Creek
sub-basin of the Reynolds Creek Experimental Watershed. Groundwater depths as well as run-off
in the stream were to be measured and samples of the snowpack water, soil water, groundwater
and run-off water were to be taken for isotopic tracing.

Unfortunately, average snow accumulation was well below average last winter. April 1st,
snow course measurements indicated that the snowpack at the Reynolds mountain sub-basin was
only 30% of normal. In the Upper Sheep Creek sub-basin, which usually has a 10-m high drift
during this time of the year there was less than 0.5 m of snow. After consultation with the USDA
scientists from the Northwest Watershed Research Center, we decided in February to postpone the
field campaign for one year. In retrospect this was wise because there was no runoff response
from Upper Sheep Creek (the basin where we plan to do our detailed model development) and few
of the groundwater wells had measurable response, we would have had nothing to measure.

The intensive field campaign will be conducted in Spring 1993. Although a repeat of last
year’s condition is possible, the chances are very low and we are hopeful of better snowfall. A
revised project time schedule is shown on the next page. This has us finishing the field
measurements in August 1993. Given this it is unlikely that all data reduction and modeling will be
complete by August 15, 1993 so we will need until May 1993, a 9-month no-cost extension to
complete the data analysis.

In this report we describe our progress in terms of data base development, model development,
and modeling based on data from earlier years. Some of this will be presented at the AGU Fall
meeting in San Francisco in December (see abstract on page 3). We also developed snow-isotope
fractionation studies, evapotranspiration model development, installation of soil moisture
measurement equipment, and database development.
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AGU Presentation Abstract

(EOS, Transactions, American Geophysical Union, 73(43), 1992, p. 243).

H52E-13  1655h

An Areally Distributed Hydrologic Model for an Arid Mountain Watershed

T.H. Jackson. (Utah Water Research Laboratory, Utah State University, Logan, Utah 84322-
8200; ph 801-750-3151); D G Tarboton (Utah Water Research Laboratory, Utah State
University, Logan, Utah 84322-8200; ph 801-750-3151); K R Cooley (USDA-ARS,
Northwest Watershed Research Center, Boise, ID; ph 208-334-1363).

A distributed mass balance approach is being developed to model spatially variable hydrologic
processes in an arid mountain watershed. The model will be applied to Upper Sheep Creek, a
26 ha catchment within the Reynolds Creek ARS Experimental Watershed, near Boise, ID.

The model is based on a DEM representation of basin topography. A mass balance equation
relating moisture inflow, outflow, and the change in storage is resolved to give the moisture
defecit in each DEM cell. Moisture input is subsurface flow from up-gradient DEM cells and
surface infux from rain or a spatially distributed energy-balance snowmelt model. Subsurface
outflow is determined from topographic slope and transmissivity, which is a function of
moisture content.

We illustrate the effects of topography on the areal distribution of soil moisture and the time
variation of streamflow in Upper Sheep Creek and compare our results with field observations
and streamflow measurements.



Data Gathering and Processing
To hv and Digital Evaluation Model

The six USGS digital elevation model (DEM) quadrangles that cover Reynolds Creek
Experimental Watershed have been acquired and processed. Upper Sheep Creek has been the
focus of our model development work. Upper Sheep Creek is a steep 26-hectare “zero-order”
watershed with an outlet elevation of about 1840 m, rising along a 975-m long main channel to an
elevation of 2040 m. Figure 1 shows Upper Sheep Creek as mapped from the USGS DEM.
When this is compared to contours from a detailed map prepared by the Aerial Mapping Company
of Boise (Figure 2), one sees that the USGS DEM suffers from considerable smoothing and
distortion. We have, therefore, developed a local DEM by digitizing information from the detailed
map for use in high resolution modeling. This DEM has been constructed to coincide with the
30.48 x 30.48m (100 ft) grid used by the ARS to reference instrument location and as a horizontal
control for the survey of snow water equivalent and depths . Figure 3 shows Upper Sheep Creek
mapped in this DEM. Development of this DEM has resolved problems of inaccurate topography
within Upper Sheep Creek. However, high resolution data is not available for other parts of
Reynolds Creek experimental watershed, so the USGS DEM will have to be used. Our study will
be able to determine its impact on model results.

Site Soil Data

A parameterization of the variation of saturated hydraulic conductivity with depth is a key
element in the distributed hydrologic model being developed for Upper Sheep Creek. The present
parameterization requires an estimate of surface saturated conductivity (ks) and an exponential
“decay coefficient” (f) describing how quickly the permeable layer is “pinched off.” Estimating
these parameters is facilitated by consulting soil maps.

A soil-type matrix site for the site was prepared by locating the ARS grid on soil maps of the
Reynolds Creek Watershed [Stephenson, 1977]. The location of the five soil types identified
within the Upper Sheep Creek catchment are shown in Figure 4, which shows the soil type
assigned to each node of the ARS grid. The five soil categories are:

1. GaG; Gabica cobbly gravelly loam, 30-60% slopes

2. HmG; Harmehl & Demast stony loams, 30-60% slopes

3. GfF; Gabica very stony loam, 0-30% slopes

4. HbF; Harmehl gravelly loam, 0-30% slopes

5. GfG; Gabica very stony loam, 30-60% slopes

Stephenson [1977] does not give an estimate of soil permeability as is common in the USDA
county soil map series. The closest coverage of USDA soil maps was in the publication “Elmore
County Area, Idaho, Parts of Elmore, Owyhee, and Ada Counties.” Of the five soils identified on

site, only the Demast series is described in this publication. The permeability of this soil is listed
as between 0 and 15 mm/hour.
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Mock [1988] measured surface field saturated conductivity using a Guelph permeameter at over
60 points in the southwest corner of the site--including some measurements in Demast soils. He
reports a range of permeability between 0.25 and 1.58 mm/hour, confirming the order of
magnitude of these values. But without field measurements in other parts of the catchment and in
the absence of information on the permeabilities of all the soil series on site, the use of an average
permeability across the site seems adequate at present.

The descriptions of the soil horizons in each soil and geophysical measurements taken at the
site will be used as aids in estimating distributed values of “f” at a later date.

ARS Snow Surv

Distributed measurements of snow water equivalent at Upper Sheep Creek are available for six
days in 1986 as summarized in Table 1:

Table 1. Summary of ARS snow surveys at Upper Sheep Creek!, 1986

Snow Volume?

Survey Date: Cells w/Snow: [m? of water equivalent]

Julian Common New Total New On Ground Total
56 2/25 108 108 45951 45951 45951
85 3/26 13 85 2690 38315 48641

100 4/10 1 38 233 25975 48874
133 5/13 4 23 698 15128 49573
147 5727 0 12 0 5835 49573
154 6/3 0 3 0 969 49573

IBased on the ARS grid, there are 255 node-centered cells in the watershed measuring 30.48
meters on each side.

2Snow volumes are calculated assuming the snow water equivalent depth reported at the grid
point is distributed uniformly over the area of the cell.

The areal extent of the snow drift during each of the six surveys reported for the 1986 spring
melt season is shown in Figure 5. Snow drifts are located on the north facing slope of the
watershed. The “footprints” of the two main drifts on day 56 coincide with the Gabica soil types
GfF and GfG (Zones 3 and 5 in Figure 4). Contours of snow water equivalent during the first
four surveys are shown in relation to the main stream channel in Figure 6.

The data from these surveys were placed in six files for use as input in simulations as described
below.
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Figure 6
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Site r Data

ARS weather data presently available for Upper Sheep Creek for the winter of 1985-6 includes
the following:

1. Average Air Temperature, degrees Centigrade
2. Wind Run and Direction, miles & degrees respectively
3. Solar Radiation, Langleys/hour
4. Accumulated and Instantaneous Precipitation, inches.

ARS files for 1985 and 1986 have been processed and “spliced” together for use as input in the
hydrologic simulations described below.

Water Balance Model

Considerable progress has been made in the development of distributed water balance “shell”
for use in hydrologic modeling. This is a computational framework for the calculation of a water
balance at each grid cell over a distributed watershed. Flow directions (surface and subsurface) are
determined from digital elevation data (digitized topography) and flow rates are a function of slope,
moisture content and soil parameters. One feature of our approach is that it allows outflow from a
grid cell to be assigned fractionally to down slope cells, thus avoiding the problem of grid direction
bias present in earlier work with digital elevation data. The water balance shell incorporates the
effect of topography into hydrologic modeling. Topography controls the convergence and
divergence of flow, crucial in the determination of moisture availability. Our modeling shell is
designed to interact with other hydrologic process models, such as snowmelt and
evapotranspiration, to provide a complete distributed water balance.

In the continuing development, versions of the model have been written to utilize surface inputs
represented in different forms as discussed below.

All models can be divided into the four basic sections listed below, as discussed in the
following subsections.

1. Input data and set run parameters
2. Calculate initial conditions and basin deficit
3. Hydrologic simulation, for each time step:
a. Get surface influx to each cell
b. Calculate mass balance recursively
c. Update basin deficit and check basin-wide mass balance for basin during time step

4. Check basin-wide mass balance over total time of simulation

12



Input Data Run Parameters

“Run parameters” include the time step, the total number of timesteps to simulate, and other
values used as flags in the control of program flow and to direct output to appropriate files.

Soil data that are input for each cell and remain constant over the simulation include porosity,
surface saturated hydraulic conductivity, and a parameter, f, used to describe the variation of
saturated permeability with depth. Input is in the form of matrices with the data records input in
the order that they would appear on a map read from left to right, top to bottom. A header record
gives the number of rows and columns and the horizontal and vertical spacing of the data.

Using the soil information discussed above, the values are set for each cell. It is difficult to
evaluate the accuracy of the values assigned to each parameter. This is one of the key areas of
work to be done.

A value of surface flux must be input for each cell during each time step. The simplest model
uses an input hyetograph of rainfall, assumed to be uniformly distributed in the watershed. This
formulation is most useful in the evaluation of the soil parameters assigned to each cell. The
second model uses a spatially variable surface influx estimated from the changes in the depth of
snow at each cell during the six ARS snow surveys described above. These point fluxes remain
constant between the survey dates,

A snow melt model is presently being refined to link with the mass balance model. This will
give a surface flux with a spatial and temporal variation. The snowmelt model is an energy balance
requiring measurements of temperature, wind speed, relative humidity and precipitation. Time
traces for all of these measurements are presently available, except for relative humidity; it is
provisionally calculated for each hour assuming that the daily minimum temperature is the dew-
point for that day.

Long- and short-wave radiation fluxes are calculated from “almanac functions” dependent on
calendar date and longitude and cell-dependent functions that are calculated by the mass balance
shell: slope, aspect, and elevation. The calculated total incident radiation will be compared with
the measured radiation.

Initial Conditions and Basin Deficit

The basic mass balance equation for constant density, unsteady flow, written in terms of
deficits rather than storage is

%:%(z.n.dx.dy) = O(t) - I(t) ey

where z is the depth to the water table, ignoring unsaturated flow. This value, z, is a state variable
for each cell.

The initial deficit of water in the basin is determined by assigning an initial groundwater
outflow from each cell equal to a fraction of the initial, measured flow over the main channel outlet
weir, assuming that there is no leakage from the basin. The fraction is taken as the upstream
contributing area for each cell divided by the total basin area. The groundwater outflow equation is
then solved at each cell to give its initial deficit. If the maximum groundwater that can be conveyed
from a cell is less than the value assigned by its fraction of basin area, it is assumed to be saturated
(zero deficit).

13



This method preserves mass balance, of course, by definition. It can be used as a check on the
assignment of soil parameters by comparing the initial deficits with soundings from piezometers, if
they are available for the starting day of the simulation.

Hydrologic Simulation

The flux terms in the deficit balance equation are inflow and outflow. Inflow consists of
surface influx, where present, and groundwater flow from upstream cells,where present. Outflow
is determined by the product of transmissivity and surface slope of each cell. When outflow
exceeds the cell's conveyance, the cell is saturated and excess water becomes surface runoff.

Surface slope is determined for each cell in the direction of the eight surrounding cells. Flow is
apportioned in all directions with a positive gradient in proportion to the weighted slope. If each
cell’s hydraulic conductivity declines with an exponential factor f with increasing depth z,
measured positive downwards, groundwater outflow from each cell can be obtained from
integration as:

k dy

8 -fz
0 =—% k§1 max [0, Sg_w e @)

where dy is the width of the cell, Sgi is the local ground slope in direction k (positive downward)
and wy is a factor to account for the width of flow in each direction. Taking the maximum of 0
and Sgy wy serves to only sum over those directions with positive downslope direction. The

deficit balance equation can be written as:

8
k. kz=:1 max [0, Sgk Wk]

dz _ £ 1)
dt - f.n.dx © “ndx.dy &)
where |
I(t) = Y. (gw inflow neighbors) + Surface Influx @

For a given time step, all values in the equation are known at the time of solution except for the
deficit z, so equation (3) may be written as:

dz _ ~ f20
- -G )

where C, and C, are constants. What is termed as the “hydrologic simulation” is a solution of this

mass balance equation for each cell at each step. This is done by a call from the main program to a
mass balance function that calls itself recursively to solve the deficit balance equation “in the
downstream direction,” that is, the equations are solved first for “ridge line” cells with no upslope
inflows. The deficit balance equation is solved for the deficit, giving z and the outflow, which
becomes the inflow to cells down gradient. Runoff in excess of conveyance capacity is routed
downstream without being allowed to reinfiltrate,

The basin wide mass balance at each step is checked by summing the surface influx to each cell

and the outflow from the basin. The total basin deficit is calculated by summing the deficit of each
cell. The difference between the change in deficit and the net basin outflow (weir discharge plus

14



evaporation losses less precipitation) is a check that the equations are coded correctly and a
measure of the numerical accuracy of the equations because mass balance closure is implicit in the
formulation. The ability of the model to represent hydrologic processes can only be verified by
measuring fluxes at points in the field.

Model Runs to Date

A simple version of the model was developed first to check program logic. In this first model,
surface influx was in the form of precipitation distributed uniformly over the watershed. Soil
parameters were taken as constant across the watershed.

The next level of refinement was to incorporate the spatial variation of surface influx to the
model in the form of snowmelt. The ARS Snow surveys, described above, were used as the basis
for estimating surface the influx to each cell. The change in the depth of snow water equivalent
between each pair of survey dates was taken as the constant rate of snowmelt percolating into the
soil for each cell during that period. This ignores evaporation and sublimation, so basin runoff is
overestimated in the later part of the season.

Runs of the model with this input have shown that the model is stable with respect to the time
step used. Figure 7 shows a comparison of simulated and observed hydrographs for the
watershed during the 1985-86 season. The model correctly simulates the times and the gross
magnitude of the peak discharges and the total seasonal volume of runoff but does not accurately
reflect the instantaneous flow rate outside of peak times. This is partly due to the crude estimate of
the rate of snowmelt used as input.

The distributed mass balance shell is presently being modified to accept surface influxes as
determined by an energy balance-based calculation of snowmelt applied at each DEM cell at each
time step.

The mass balance equation will be modified to include unsaturated zone storage. A kinematic
wave approximation will be used to simulate the infiltration of rainwater and snowmelt from the
ground surface to the water table.

An evaporation model will be used to model soil water depletion during the dry season.

Snowmelt Model

We have developed a snowmelt model that is based on a physical parameterization of all energy
exchanges and yet retains a simple lumped nature, requiring only two state variables (energy
content and water equivalent) to characterize the snowpack. Testing of this model is still ongoing.
In this report we provide a detailed description of this model and results from tests done to date.

State Variables

In the model, snowpack is characterized by two state variables, water equivalent, W[m], and

energy content U, [kJ/m?]. These variables are, we believe, sufficient to characterize the
snowpack for the prediction of melt rates that cause erosion. Other time-varying snowpack
properties such as density and albedo play a secondary role. Future work will investigate the
importance of these, as well as variations within the snowpack in terms of a one-dimensional or
multi-layer model. The state variable, energy content U, is defined relative to a reference state of
water at 0°C in the ice (solid) phase. U greater than 0 means the snowpack (if any) is isothermal
with some liquid content and U less than 0 can be used to calculate the snowpack average
temperature, T, [°C]. Energy content is defined as the energy content of the snowpack plus a top

15



Figure 7
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layer of soil with depth De [m]. This provides a simple buffering against numerical instabilities

when the snowpack is shallow, as well as simple approximations of frozen ground and melting of
snow falling on warm ground. We discuss below the choice of Dg and the role it plays in the

model.
Driving Variables
Our model is designed to be driven by the following inputs at each time step.
- Air Temperature, Ta, [°C]
- Wind Speed, V, [m/s]
- Relative Humidity, RH
- Precipitation, P, [m/hr]
- Cloud Cover Fraction, N
- Ground Heat Flux, Qg, [kJ/m?/hr], [assumed a small amount of 50 in all results below]

Cloud fraction N is used to calculate incoming solar and long-wave radiation. In the event that N
is not available, we use an empirical approximation due to Leavesley et al. [1983], based on daily
maximum air temperature to modulate incoming radiation.

Site and Initial Variables

The variables required to characterize the site are:

- Slope - 0 (degrees)

- Aspect - Az (degrees, clockwise from north of the steepest downslope vector)

- Latitude (degrees)

- Elevation (m)

In future work we plan to incorporate the effect of vegetation and site variables such as leaf
area index or cover density will be required. The model needs to be given initial values of the state

variables U and W, as well as, the start date and time step.

Parameters
Model parameters and their recommended value are listed in Table 2. Most of these are known

constants. Those that are adjustable are shown. Some of these could also be interpreted as site
variables.

17



Table 2. Snowmelt Model Parameters

Io  Solar Constant 4914 kJ m-2 hl
Cs Ice Heat Capacity 2.09 kJ kg1 °C-1
Cw Water Heat Capacity 4.18 kJ kg1 °C-1
Cg Ground Heat Capacity 2.1 kI kgl °C1 Adjustable
Cp  Air Heat Capacity at Constant Pressure 1.005 kJ kgt °C-1
pw Density of Water 1000 kg m3
pg Density of Soil Layer 1700 kg m3 Adjustable
pi  Density of Ice 917 kg m3
ps  Snow Density 50 to 500 kg m3 Adjustable
hs  Heat of Fusion 3335 kl/kg
hy  Heat of Vaporization (ice to vapor)! 2834 kl/kg
A Albedo 0.4 t0 0.8 Adjustable
o  Stefan Boltzmann Constant 2.0747 x 107 kJ m-2 hr'l K4
es  Emissivity of Snow 0.99
T; Temperature above which precipitation

is rain 3°C Adjustable
Tv Temperature below which precipitation

is snow -1°C Adjustable
To Temperature of Freezing 0°C
Pstd Reference Atmospheric Pressure 101300 Pa
Tsua Reference Atmospheric Temperature 20°0C=293K
R4 Dry Gas Constant 287 TkglK-!
g  Gravitational Acceleration 9.81 m s2
o Reference Lapse Rate 0.0065 °C/m Adjustable
a  Atmospheric Absorption Parameter 0.09 Adjustable
gs Atmospheric Absorption and

Scattering Parameter 0.14 Adjustable
Zo  Snow Roughness Height 0.005 m
z  Assumed Wind/Air Temperature

Measurement Height 2 m
D. Soil Effective Depth 0.4 m Adjustable
k  Von Karmans Constant 0.4
a  Kuz'min’s Emissivity of Air Parameter  (0.62
b Kuz'min’s Emissivity of Air Parameter  0.005 Pa-05
L. Liquid Holding Capacity 0.05 Adjustable
Ksat Snow Saturated Hydraulic Conductivity 160 m/hr Adjustable
rs  Snow Thermal Resistance 11to0 222 hr/m Adjustable
Notes:

IHeat of vaporization is temperature dependent. We ignore this effect and use the value for 0°C.

18



Ma, Energy Balan ation

Given the state variables U and W, their evolution in time is determined by solving energy and
mass balance equations.

dU
i = Qo+ Q; (T, RELN)
+Q, (T P +Qy-Q (T9 +Q (T, T, V)

+Q, (T, T, V,RH) - Q (U, W) (6)

AW _ o }
a ~FP-M, (U, W)-E(T, T, V,RH) )

Terms in the energy balance equation (all in kJ/m?hr) are:

Q,, - netsolar radiation

Qp - incoming longwave radiation

Q,- advected heat from precipitation

Q.- ground heat flux

Qe - outgoing longwave radiation

Q,- sensible heat flux

Q.- latent heat flux due to sublimation/condensation
Q.- advected heat removed by meltwater

Terms in the mass balance equation (all in m/hr of water equivalent) are:

P -  precipitation (rain and snow)
M- meltwater outflow from the snowpack
E - sublimation from the snowpack

Functional dependencies of these variables on driving and state variables are shown. We
determine snowpack surface temperature Tg using a new equilibrium approach described below.

This determines Tg from snowpack average temperature T determined from state variables U and
W and surface energy flux functions. The parameterization for these are described below.
Whenever possible, we have used physically sound parameterization, based on the process

involved. Equation (6) and (7) form a coupled set of first order, nonlinear ordinary differential
equations. They can be summarized as:

dU .. )
== Q(U, W, d bl
dt Q( riving variables) ®)

aw = Fm (U, W, driving variables)

dt ®

or defining X = (U, W)
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%X-t-'- =Q Fm()_(, driving variables) 10)

In the current context with X specified initially, this is an initial value problem. A large variety
of numerical techniques are available for solution of these equations [Gerald, 1978]. We currently
use the second-order Euler Predictor - Corrector approach. This provides a satisfactory
compromise between complexity and accuracy.

X = X, +AtQF (X, driving variables)

(11a)
QF, (X, driving variables) + QF (X, driving variables)
X =X +At : (11b)
i+l i 2
This is second order, with errors proportional to At2,
Parameterization
Temperature - T. The snow and interacting soil layer average temperatures are obtained from

the energy content and water equivalent, relative to 0°C ice phase. The heat capacity of the snow is
py, W C, [KJ/°C]. The heat capacity of the soil layer is p ¢ De Cg [kKJ/°C]. The heat capacity of

liquid water is p,, W C,,. The heat required to melt all the snow water equivalent is p,, W h, [kJ].
See Table 1 for definition and values of the parameters. For U < (), all water is frozen and

T= U
Pw WCs +Pg De Cg (12a)
For 0 < U< p,, W h,, there is a mixture of solid and liquid and
T=0°C. (12b)
For U >p_ W h,, all the snow has melted and
- U-p,Wh ¢
Py Dng+prCw (120)

In practice, unless we allow ponded water (which we don’t) W will always be 0 in (12c).
However, W is retained in this expression for numerical consistency during time steps when the
snowpack completely melts.

Heat flow in soil is governed by Laplace’s equation. The depth of penetration of changes in
surface temperature can be evaluated from the expression [Rosenberg, 1974]:
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1
R 2
_Z_ e
RS—-exp Z(OLP)

where R is the range of temperature oscillation at the surface, R, the range of temperature

(13)

oscillation at depth z, P the period of oscillation, ¢ the soils thermal conductivity parameter,
typically in the range 0.004 to 0.006 cm%/s.

Figure 8 shows that for oscillations less than one week, the effect at 40 cm is damped to less than
30% and even for monthly oscillations is still damped 50% at 40 cm depth. This suggests using
D, =40 cm in our model. Soil above this depth will interact thermally with the snow at time scales

of weeks to months. Rosenberg [1974] also suggests this as an effective depth.

) 0.6—

R/R

Depth z (cm)

Figure 8. R /R vs. z for o = 0.005 cm?/s for different durations.

Nq; Shortwave Radiation, Q&n
This is calculated as
Qg = Qg3 (1-A) (14)

where A = albedo and Q; is average incoming solar radiation.

Solar radiation incident on a horizontal surface is [Male and Gray, 1981]:
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t-TAt
I =1 cosZ dt=1 RF
h™ o S 0 T h (15)

where Z the solar zenith angle (angle between sun and vertical), I, the solar constant (4914 KJ

m~2h-1) and RF, the horizontal radiation adjustment factor, calculated from orbital properties

(accounting for season and latitude) by evaluating the integral in (15). Solar radiation incident on a
sloping surface (without atmospheric effects) is similarly:

AL

=1 [ cosydt=I RF
S Ot [¢] S (16)

where y is angle between sun and surface normal (accounting for season, latitude, slope and
aspect) and RE is the radiation adjustment factor accounting for slope and aspect.

Where cloud fraction N is not available a cloudiness factor CF is obtained from daily maximum
temperature using empirical procedures given by Leavesley, et al. [1983].

The average flux, per unit horizontal area over At, modulated for cloudiness is:

t+At ) I, RE CF

— _ o
Qsi-IOCF(tI cosy dt |/ At cos 6 =——>— -

where 6 is the slope.

When N is known we distinguish between direct and diffuse radiation using procedures adopted
from Male and Gray [1981] and Bonan [1991].

Solar radiation incident on a horizontal surface attenuated for cloud and atmospheric absorption
is

0.61
L=(-g)(1-N) 1 as)

where g, is an atmospheric absorption and scattering parameter and N is cloud fraction. The time
averaged direct solar radiation per unit horizontal area, accounting for slope and aspect is then:

I RF,
Q -—-IdI—/At cos0=1 ——/Atcos 0

d d RF
h h (19)
The diffuse radiation flux [Male and Gray, 1981] is:
I =05{(1-a)I -1
f [( ) h d] (20)
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where a is an atmospheric absorption parameter. This assumes that incident radiation, not
absorbed or direct is scattered with 50% reaching the surface. Time averaged diffuse flux per unit
horizontal area is then:

Qf=If/Atcose 1)

Combining (19) and (21):
Qsi = Qd + Qf (22)

This approach neglects the dependence of attenuation on the zenith angle (optical air mass) and
dependence of albedo on angle of incidence. The parameter a, suggested value, 0.09 [Male and
Gray, 1981] accounts for absorption by water vapor and ozone. The parameter g, includes

atmospheric absorption and scattering, so logically g, > a. Bonan [1991] reports that it ranges
from 0.08 to 0.67 and he calibrated g = 0.14 at Fairbanks.

Incoming Longwave Radiation, Qy

Under clear skies (or where N is not known) incoming longwave radiation is

4
Q'=€aGTa

ki (23)

where €, is the effective emissity of the atmosphere, ¢ the Stefan Boltzmann constant and T, air
temperature in Kelvin.

g, is, in general, a function of the vapour pressure distribution in the atmosphere. Several
approximations in terms of surface vapor pressure e, (in Pa) are available.

Brunt [1952]: g,=a+b fe, 24)

Kuz'min [1961] has suggested a = 0.62 and b = 0.005 P, 0,

1l
7
ea
Brutsaert [1975]: g, =0.642 ('T‘) (25)
a
L\ T
a
Satterlund [1979]: g,=1.08|1-exp -(W) (26)

Male and Gray [1981] note that the Satterlund formula compared better than the Brutsaert
formula against measurements at temperatures below 0°C. Marks and Dozier [1979] suggest
adjusting the Brutsaert [1975] formula for elevation, since it was derived for sea level conditions.
They use:
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T= T, +0.0065 =z

(27a)
e
a !
e = e (T)
&Iy @7b)
as equivalent sea level temperature and vapour pressure.
Then
1
7
' P
g, = 0.642 (i) L.}
T P
std (27¢)

where P, is the air pressure estimated from elevation, according to equation (36) below.

We currently use the Satterlund formula. Future work will evaluate or incorporate the other
options. Under cloudy skies incoming radiation from the clouds (assumed to be black bodies) is

Q

li clouds =0 TC
(28)

Then

+(1-N)Q

Q1i =NQ 1i clear 29

1i clouds

The temperature of the cloud base is obtained by assuming a lapse rate (o = 0.0065 °c/m) and
cloud height (1000 m) unless this information is known.

Outgoing Longwave Radiation, Ol;

Snow is essentially a black body, with € = 0.99. Outgoing radiation is

4
Qle =g0 T,

(30)

Heat with Precipitation, Qp

The partitioning between rain and snow is based on air temperature, according to Figure 9.
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Proportion I
of snow |

Figure 9. Temperature criteria used to divide precipitation into rain and snow [Bowles et al.,
1975].

Py=P if Ta<Th

e oo oo
= < <
Tr-Tb p @ r

=0 if T,>T
a> I (31)

P =P-P

T 8

This assumes snow for T, < T, = -1°C, rain for T,>T, = 3°C and a mixture of snow and rain
for air temperatures between T, and T,

Precipitation is assumed to be at the air temperature, unless this is physically impossible (snow
with T, > 0°C). The advected heat is the energy required to convert this precipitation to the

reference state (0°C ice phase).
Q,=P, (Mm (T, 0°C) - 0°c) Cp,,
+P, [hfpw +C,p,, (Max (T,,0°C) - 0°C)J

Turbulent Fluxes, Q! . Q_, E

(32)

The concept of aerodynamic resistance and flux proportional to temperature and vapor pressure
differences is used.

Considering a unit volume of air the heat content is p, C, T, and the vapor content p, q, where

p, is air density, C;, air heat capacity, T, air temperature and g, specific humidity. Heat transport
towards the surface is given by
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Q= PaCp (T,- T, [k m?s] (33)

where T is the surface temperature and r, aerodynamic resistance. Vapor transport away from the
surface (sublimation) is:

M, =p, (qs-q)/ra [kJm'2 s'l] (34)

where q is the surface specific humidity.

By comparison with the usual expressions for turbulent transfer in a logarithmic boundary
layer profile [Male and Gray, 1981; Anderson, 1976; Brutsaert, 1982; Calder, 1990] for stable
conditions one gets

2
1__ KV
L_

" [in(an,)] s

where V is the wind speed at height z, z is the “roughness height” at which the logarithmic
boundary layer profile predicts zero velocity and k is von Karman'’s constant (0.4).

Future work will evaluate modifications to this that allow for effects of stability/instability in
the boundary layer [Brutsaert, 1982], as well as the effect of a vegetation canopy [Bonan, 1991].

Application of (33) and (34) requires p,, related to atmospheric pressure, P,. We assume the
following standard atmospheric approximation to give P, as a function of elevation z,

R o

b _p TS a oz
a “std T
std (36)

adapted from Marks and Dozier [1979],

8
d

where

P, =Reference atmospheric pressure, 101300 Pa
T, =Reference atmospheric temperature, 20°C =293 K

o =Lapse rate = 0.0065 "C/m
R, =Dry gas constant, 287 J kg'l K1
g = Gravitational acceleration, 9.81 m/s?

Then the ideal gas law is used to give
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da (37

We neglect the effect of water vapor on R;. In solving (34) it is more convenient to work with
vapor pressure, €a, than specific humidity, using
0.622 ¢,
Q==
Fa (38)

Recognizing that the latent heat flux towards the snow is

Q. =-h,M, (39)
with Equations (34), (38), and (39), one gets:
hu 0.622

Qe= RT (ea'es)/ra

d 2 (40)

where e is the surface vapour pressure. Over snow we assume this is saturated at the snow
surface temperature T, and use the following approximation [Chow et al., 1988].

17.27 TS
e (TS) =611 exp 3T35T Ts

in Pa, for T, in °C. Then the water equivalent depth of evaporation/sublimation is

pw hv (41)

Snow Surface Temperature, Tg

Since snow is a relatively good insulator, it is more reasonable to use snow surface
temperature, T, rather than snowpack average temperature, T to compute the surface heat fluxes.

To take this into account we developed a new approach to calculate T, assuming equilibrium
condition in the surface layer analogous to the Penman approach for calculating evaporation.

Heat conduction into/out of the snow is calculated using the temperature gradient and thermal
diffusivity of snow. The governing equation is:

dT
Q= “KPg Cs a4z 42)
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Where,

¥ = snow thermal diffusivity [m/hr]

p, = snow density [kg/m]
C, =ice heat capacity [KI/kg/"C]

This is approximated by:

T-TS
Q= KPg Cs Ze

(43)
Where,

T = average temperature of snowpack [°C]

T, = snow surface temperature [*C]
and Z, is an effective depth over which this thermal gradient acts. The factor Z /x is denoted r,,
snow thermal resistance, analogous to aerodynamic resistance, r,. Equation (26) can then be
written as:

oep c T
'ps s rs (44)

This calculates heat flux as a product of the temperature difference between the snow surface
and average. A value of r is obtained by assuming a depth, Z, equal to the depth of penetration of

a diurnal temperature fluctuation calculated from equation (13) [Rosenberg, 1974]. Z, is chosen so
that R /R is small (here taken rather arbitrarily as 1/e). In fact r, is used as a tuning parameter,

with this calculation used to define a reasonable range. Then assuming equilibrium at the surface,
the surface energy balance gives.

Q=Qqn + Qi+ Qp + Qe + Q- Qe (45)

Surface temperature dependent fluxes are:

Pa o
QT="r Ty 46)
h,p
Q, (M) =-=2"2{q,T)-q,} o
Q (T)=¢cT, us)

Q,,,Q; and Qp may be regarded as prescribed inputs. Equations (44) to (48) have unknowns Q,
T, Qp Qg» Qy with inputs T, T, q,, Qqp» Qys-
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Analogously to the Penman approach they can be solved by linearizing T about a reference
temperature, T,. Penman used T, = T,. This gives

hy P, 495 1. }
Q=] {qs(Ts) +3r T~ T - q, 49)

0.622¢, . deg
Now with q = P and denoting T A, we have

a

h,p
Q=282 Lo (1) +A T, -T) <, }

W T (50
Similarly, linearizing the outgoing longwave radiation, equation (48), one gets:
4
Q, =¢,0T, +4¢ 0T, (T,-T,) s
Substituting these into (45) we get:
Ps Cs Pa CP
I CFS-T)=QSR+Q11+ Qp + I, (Ta“Ts)
DoPa062 1o rypar Ty 1
I, P 5 Tk 5 ¥ ta (52)
4
- eScT* - 4es cTi (TS-T*)
Solving for T gives:
Tp,C, 0.622h p CT
ala~p VY vPa 4 Pgly
) W+ Q@ + —5 1 {e. (1) -¢,-AT, b 3e 0T, + 3
s© C
PCs Pavp  hyPyp622 3
I + T A T P +4g, 0T,
(33)

If this T is significantly different from T,, T, should be replaced by T, and the procedure iterated.
The procedure converges rapidly to a final T, which if less than freezing is used to calculate surface
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energy fluxes. If the final T, is greater than freezing it means that the energy input to the snow

surface cannot be balanced by thermal conduction into the snow. Surface melt will occur and the
infiltration of meltwater will account for the energy difference and T is then set to 0°C.

Meltwater Outflux, M _and Qm

The energy content state variable determines the liquid content of the snowpack. This, together
with Darcy’s law, is used to determine the outflow rate.

The water equivalent depth of liquid water in the snow is U/hf py. L¢ denotes the fraction of
total snowpack (liquid and ice) that is liquid,

U
L =
f h W
Pw B (54)

The solid fraction is then 1 - L.

Now we assume that the solid fraction supports the matrix with a solid matrix density ps.

Given the density of ice and density of water one can calculate the pore volume and water filled
pore volume. Our model of snow drainage assumes an initial capillary holding capacity, a fraction
L (0.05) of the solid matrix water equivalent. Liquid above this holding capacity is free to flow
according to Darcy’s Law with an assumed unit head gradient due to gravity.

Male and Gray [1981] suggest hydraulic conductivity.

K, = 2 g3
H (55)

where k = intrinsic permeability, JL = viscosity, and S* is the relative saturation in excess of water
retained by capillary forces.

_ liquid water volume - capillary retention

%
S pore volume - capillary retention (56)

Volume calculations yield:

L
N e Pw Pw
S '(14;f Lc)/(ps P, Lc) 7)

where p; is the density of ice (917 kg/m3). Define the constants in (55) as Kz Our model for
melt outflux is then

3
M, =K S (58)

with $* from (57) and K, a parameter (160 m/hr based on typical values from Male and Gray
[1981]).
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This melt outflow is assumed to be at 0°C so the heat advected with it, relative to the solid
reference state is;

Qm =Py hf Mr (59)

Our results have shown that this parameterization of melt outflow is capable of modeling
continued outflow from a ripe snowpack even after the net energy exchange has become negative.
This agrees with observations.

Results

Some of the parameters in the model described above have uncertain values. In particular,
albedo has a range from 0.8 for fresh snow to 0.4 for old dirty snow [Bowles et al., 1975]. Snow
thermal resistance, ry depends on density and assumed effective depth and realistic bounds on this

we calculated as 11 to 222 hr/m. Snow density, ps varies in the range of 50 to 500 kg/m3.
Ground heat flux is typically small with values in the range of 0 to 50 kJ/m?/hr [Male and Gray,
1981]. There is also uncertainty in snow saturated hydraulic conductivity, Kg, and liquid holding
capacity, L. although melt delivery rates are not very sensitive to these. We have not yet tested the
model on Data from Reynolds creek. Figure 10 shows a comparison of model and observed water
equivalent using data collected at the Central Sierra Snow Laboratory. In making this comparison
we have adjusted albedo, r; and Q, within their reasonable limits to obtain a fit between modeled
and observed values of snow water equivalent, melt outflow and radiation. Table 3 shows the list
of parameters with their lower and upper bound and the parameter values which the model
currently uses.

® Observed

N
1 04 —— Modeled ‘S \

Water Equivalent (m)

1 | I I I !
0 1000 2000 3000 4000 5000

Hours

Figure 10. Comparison of modeled and observed water equivalent. Data from Central
Sierra Snow Laboratory, 1985/1986 winter.
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Table 3. Parameters adjusted to achieve fit to data.

Parameters Lower Bound Upper Bound Value Used
Albedo, A 0.4 0.8 0.6
Snow Thermal Resistance, rs (hr/m) 11 222 30
Ground Heat Flux, Qg (kJ/m2/hr) 0 50 50
Density of Snow, ps (kg/m3) 50 500 450

Isotope/Process Hydrology Studies

Although the 1992 field season at Upper Sheep Creek was necessarily postponed, several
other sub-objectives were addressed within the guidelines of the original USGS proposal
framework. The following pages outline isotope work completed during year 1, as a prelude to the
main field campaign in March-August 1993.

Th ntral Sierra Snow LL n ver Isotope Fraction
Rationale

Isotopes of hydrogen (2H = D) and oxygen (180) have been used extensively in watershed
hydrology over the past two decades [Sklash and Farvolden, 1979; Kennedy et al., 1986]. Most
of these investigations have been undertaken in humid temperate regions, excluding the effect of
season snowcovers on isotope-hydrologic relationships. Recent studies have suggested that
assumptions associated with the technique may limit its applicability under many circumstances
[Rodhe, 1987]. Under temperate rainfall-dominated conditions, for example, McDonnell et al.

[1990] have shown that rainfall AD and A180 may vary both spatially and temporally during an
event, complicating simple two component hydrograph separations commonly used. Kendall and
Gu [1991] and McDonnell et al. [1991] have shown that soil water and groundwater
concentrations may also vary widely in time and space, even within relatively small homogeneous
watersheds.

Under snow-dominated conditions, much less is known about AD and Al80 variations during
the melt period [Rodhe, 1987; Moore, 1989]. Notwithstanding, there is considerable interest in
applying principles of isotope hydrology to many northern and alpine hydrologic regimes. In
addition to tracing water movement in and out of the snowpack, isotope tracing can be valuable for
determining the residence time of water in different layers and water transport in both liquid and
gaseous phases. Isotope analysis also provides a unique way of quantifying evaporation from a
melting Snow cover.

In Europe, early studies by Dincer et al. [1970] documented the oxygen-18 content in snow.
They showed that evolution of the isotopic composition of the snowpack reflects the movement of
meltwater in the snowpack and its relation to the thermal condition in the pack. Early snowmelt
was seen to percolate through the snowpack without much mixing with the snow matrix. At the
middle of the snowmelt period, the meltwater mixed with the water in the lower layers during the
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percolation of water through the snowpack. Dincer et al. [1970] described a pseudo-altitude effect
in the snowpack due to the disappearance of the isotopically light early winter snow from the lower
altitudes which are subject to intermittent melting during the winter months.

Stichler et al. [1987] found that isotope concentrations varied in respective snow layers,
indicating a mass exchange between the percolating melt water and the snowpack. A correlation
was found between the isotope concentrations in the snowpack and in the melt water. Herrmann et
al.[1981] conducted several cold room experiments with isotopically homogeneous and stratified
snow columns, to study the effects of isotope fractionation and exchange processes in the snow
cover on the isotopic melt concentrations. Alternations of the melt intensities caused marked
variations of the isotopic contents of the snowpack outflows. Herrmann et al.[1981] noted that the
difference between the deuterium contents of the surface layer, where the initial melt water is
produced, and that of the outflow was very small.

In North America, early studies by Friedman and Smith [1972] and Meiman et al. [1974]
examined the isotopic composition of Rocky Mountain snowpacks as an index to winter climate.

The objectives of this present research is to examine the isotopic composition of snow and
meltwater infiltration at the USDA Central Sierra Snow Lab in order to address the following
questions: (1) what effect does strong boundary layer sensible and latent heat flux have on the net
isotopic flux in snow; (2) can the meltwater isotopic composition be predicted based on isotopic
changes in the snowpack; and (3) what is the extent of vertical isotopic layering of the snowpack?
Snow energy balance and flow path analysis will also be conducted during periods of active melt
and related to changes in isotopic composition of precipitation, snow stratigraphy and melt.

1 Studi i Snow 1L,

Snow research at the Central Sierra Snow Lab has been on-going for the past 45 years. In
addition to basic hydrological and physical snow studies, some preliminary isotopic research has

been undertaken. Krouse and Smith [1972] examined 20/16/0O abundances in a seasonal

snowpack at the site and found that snow A!30 values ranged from -5 to -26 %00. Isotopic
composition of snow layers was related to air temperature and wind direction and changed
markedly as melt water moved through the pack. Samples collected by Krouse and Smith [1972]
bore no simple relationship to temperature or any other meteorological parameters. Marked strata
in the snowpack did not retain its isotopic composition throughout the winter season. In terms of
snow isotopic-stratigraphy relations, Krouse and Smith [1972] found that water may be
preferentially retained in a layer and become permanently identified with the layer, or water may
move through with little retention or interaction. Therefore, water movement in the pack may

increase or decrease the A0 content of a particular stratum, with the change being transient or
persistent for long time. This non-linear effect identified at the CSSL makes both isotope
hydrologic tracing (and inferences to paleoclimatic reconstruction) highly problematic.

An additional set of study objectives will relate directly to the Krouse and Smith [1972] work:
(1) to replicate and understand the physics behind the rather confusing results of Krouse and Smith
[1972], and (2) to look at longer term temporal variability of snow isotopic composition by
comparing 1991/92 data with those reported for the 1965-68 period by Krouse and Smith [1972].

N,

-

Study Site and Instruffentation ’/f
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The research utilized the Central Sierra Snow Laboratory (CSSL), located at 2100 m elevation
25 km northwest of Lake Tahoe, California. The site is situated on the western slope of the Sierra
Nevada and is strongly influenced by maritime air masses which result in deep snow accumulation
through the winter months. Snow comprises about 85% of the annual precipitation with peak
accumulation from January through March. An average peak snow depth of 3050 mm and snow
water equivalent of 900 mm is reached by early April.

The CSSL facility is maintained by the USDA/Forest Service Pacific Southwest Experiment

Station. The primary measurement site is a forest clearing covering roughly 4000 m? surrounded
by mature lodgepole pine forest. Complete energy balance instrumentation are present for
monitoring radiative and turbulent fluxes. In addition, snowpack liquid water release (basal
outflow) is monitored (and sampled) using an array of lysimeters installed at the soil surface,

covering roughly 50 m%. The timing and amount of basal outflow induced by in situ melt and rain-
on-snow are monitored continuously for each of the dozen pans by tipping bucket mechanisms.

ling Str:

Physical measurements included hourly values of net radiation, shortwave radiation up and
down, delta temperature, delta relative humidity, windspeed (preferably at least two heights),
precipitation intensity, and snow temperature (if possible). These measurements were achieved
using pre-existing electronic instrumentation at the site. In addition, a number of manual physical
snow measurements were made for the study. These included pit observations of grain size (by
layer), along with layer density, liquid water content and thickness. Most of these in-situ
measurements will be obtained in the main measurement area (a clearing), at a resolution of around
10 mm.

Approximately 2000 snow and water samples were collected during the study. Approximately
1500 snowmelt samples (without replication) were collected from the base of the snowpack.
Roughly 50 precipitation samples (both snow and rain) were collected for individual storms, plus
approximately 500 layer-specific snow pit samples (without replication).

Precipitation

Snowfall during the 1991/92 winter season was collected for each event. A bulk 1x1 m snow
board sample was bagged and melted following the sampling protocol outlined below. Rainfall
was simply bulk collected in a raingauge and poured into sample vials. No attempt was made to
determine the sequential isotopic composition of rain or snow.

Snowpack

Concurrent with the in-situ measurements and pit observations of layer grain size, density,
liquid water content and thickness, samples were extracted for layer-specific isotopic analysis. A
new pit was dug for each sample collection to minimize evaporative effects from an exposed
"face". It was expected that little spatial variability would be encountered over a distance of tens of
meters, therefore, the excavation of new pits in and around the main measurement was not be a
problem.

Snowpack layer samples were obtained at 100 mm increments within the snowpack, once the
pack had become isothermal. Prior to snowpack "ripening", layers that were easily "trackable" to
specific precipitation events were also sampled. Layer-specific samples were collected weekly
during the accumulation phase and then daily during active melt. In addition, snow layers during
rain-on-snow events (on either a cold or isothermal snowpack) were sampled at least daily, or
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more frequently if manpower permitted. Mid-winter thaws were be sampled daily, as per melt
season sampling.

Melt Water

Melt water from the base of the snowpack was collected daily during active melt, rain-on-snow
or periodic thaws. Ideally, a composite sample was obtained for the daily melt volume. This
sample was mixed in a sealed container and a 20 ml sample was retained for subsequent isotopic
analysis. For rain-on-snow events, and for three individual melt events (early, middle and late
parts of the melt cycle), hourly samples were collected in addition to the daily composite sample.
This was achieved via grab samples as the technician's schedule permitted.

Sampling Protocol

The procedure for collection of snow water samples was to: (1) collect the snow sample in a
large sealable jar or ziplock baggie, (2) bring the sealed sample indoors and allow it to melt. Once
the sample had melted, water was poured into 20ml bottle so the bottle is completely full with no
air remaining, (3) the labelled bottles were then stored at room temperature, until the time it was
shipped out to the USGS Menlo Park Water Resources isotope lab.

Research Schedule

The research and data collection at the CSSL ran from November 1991 until the snow was
absent in June 1993. Drs. Neil Berg and Bruce McGurk of the U.S. Forest Service supervised
all data collection carried out by two full-time USDA/FS technicians at the CSSL site. Dr. Carol
Kendall of the USGS Menlo Park, Water Resources Division is now conducting the mass

spectrometer analyses for AD and A'30 concentrations of collected water samples.
Rel Reynold' k Distributed Water B Model

Objective 1: What effect does strong boundary layer sensible and latent heat flux have on the
net isotopic flux in snow?

Relevance: Advection of sensible and latent heat onto the main drift area at Upper Sheep Creek
is thought to control melt to a large extent. Isotope fractionation within the pack, therefore,
becomes a major concern in terms of affecting the isotope input to the local groundwater system.

The energy balance data will be used to estimate ablation (sublimation and/or melt) during both
melting and non-melting periods. By determining the radiative, sensible and latent heat fluxes at
the snow surface boundary layer, measurements of net isotopic flux from the atmosphere can be
compared mass and vapor flux information. These relationships will then be generalized to easily
measured weather variables. Both principal components analysis and stepwise multiple liner
regression analysis will be used.

Objective 2: Can the meltwater isotopic composition be predicted based on isotopic changes in
the snowpack?

Relevance: The main snow drift at Upper Sheep Creek is roughly 10 m deep in normal snow
years. This extreme depth and amount of effort and and samples required to address Objective 2
makes it impossible to treat within the realm of the USGS project. Nevertheless, this question is
of vital importance to the modeling of the isotope water balance. Theoretically, the data and
interpretations from CSSL should apply in this case.
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The meltwater emanating from the base of the snowpack may be either enriched or depleted as
compared to the snowpack. Isotopic variations in the daily composite melt sample will be related
to the actual melt rate and volume measurements. The degree and rate of snowpack isotopic
homogenization through melt will be related to melt isotopic composition. This leads into objective

Objective 3: What is the extent of vertical isotopic layering of the snowpack?

Relevance: Once again, the extreme depth of the Upper Sheep Creek drift prevent this question
from being fully resolved. It is expected that condensation and evaporation at the snow surface,
combined with diffusion and convection processes within the snow itself, may enrich the isotope
composition of the pack. As the melt progresses, homogenization of the pack will occur. The
timing of this homogenization will be important to understand for sampling design and computing
well lag response from the melt input.

A chief factor in determining the isotopic composition of meltwater is the isotopic layering of
snowpack. In the deep CSSL snowpack, deposited at both cold and relatively warm temperatures,
there will be a sequence of high delta oxygen-18 (reflecting cold temperature snowfall conditions)
and low delta oxygen-18 (reflecting warmer snowfall conditions). Also, since the pack is quite
deep, a high delta oxygen-18 water melting from the surface layer at the beginning of melt for
example, may be reduced by isotopic exchange during percolation, and the draining meltwater at
the base of the pack may be depleted in oxygen-18 as compared with the snowpack.

General Implications

Watershed hydrologic modelling requires accurate portrayal of the input of hydrologic
components in the snowmelt hydrograph. Data collected in this project should help in improve
understanding of temporal variation of the input function on simple mass balance models and for
more sophisticated numerical techniques.

Field Activities r Sheep Creek
Installation of Suction Lysimeters and Soil Moisture Instrument Installation

Two transacts of low volume 1 bar suction lysimeters were installed at Upper Sheep Creek.
One transect included SL's spaced at 30 m intervals downslope from the main drift, the other
positioned normal to the slope, immediately downslope from the drift.

Neutron probe access tubes were installed on two transects in the north facing side of Upper
Sheep creek. Gravimetric samples were taken at different depths during installation to calibrate the
probes. The installed neutron access tubes will supplement the access tubes previously installed by
the USDA-ARS. Soil moisture measurements will be taken weekly using the neutron probe for the
north facing side and using the gravimetric method in the south facing side during the field data
collection period.

Sampling of Piezometers

All piezometers were sampled at three separate times throughout the 1991/92 season, in order
to obtain baseline isotope data.
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Establishment of a Local Meteoric Water Line

Commencing March 1992, all rainfall and snowfall events were sampled at the Reynold's
Creek quonset. These samples were, and will continue to be, collected by ARS technical staff, in
order to characterize the local isotopic meteoric water line (MWL). This MWL is the relationship
between deuterium and oxygen-18 and is important for relating samples obtained during the melt to
possible evaporative effects en route to groundwater recharge.

Development of an Isotopic Mass Balance Within the TOPMODEL Framework

In addition to those modelling approaches outlined in the original proposal, new attempts have
been made in year 1 to better incorporate the isotope tracing campaign with the distributed
modeling approach. As stated earlier in this report, the mass balance for a pixel P with multiple-
direction input and output is given by:

d(nz)
-ET_ +M _=—+

(60)
The isotopic mass balance is given by
d(nzd)
T8  +M 3§ =——™F
5_'. qlp ip ng qu P BT, ETp ~ P Mp dt ©1)
Here n  =number of contributing pixels
m = number of pixels to which flow takes place from P

%, =flow from pixelsito P
ETp = evapotranspiration loss from pixel P
p =snowmelt input to P
n  =effective porosity
8,, =isotopic signature of flow from i to P
SETp = isotopic signature of the evaporative flux from P

yp = isotopic signature of snowmelt input into P

It will be assumed that there is complete mixing of all inflows in P before the water flows out

of it (Sjp = 5outp). The evaporative flux may be considered negligible during the early melt season.
The above equations will be applied along select transacts with indications of prominent water
movement from the piezometer data. When a balance is achieved, the area of application will be
increased by introducing more pixels into the analysis.

Spatial Analysis of Piezometric Data

In an effort to develop a conceptual model for flow in this basin Flerchinger et al [1992]
obtained lagged spatial cross-correlations between different piezometer levels. They drew
inferences of groundwater residence times and obtained some idea of the flow paths in the basin.
The study was conducted for 1986 and 1987. The former was a normal precipitation year and the
latter, a dry year. There were significant differences in the basin response for the two years.
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Results obtained by the above methods of isotopic mass balance and solutions to the convective-
dispersive equation will give the spatial and temporal variations of isotope concentrations. A
lagged cross-correlation analysis of piezometer levels will also be conducted and the results
compared against the isotope concentrations to determine the flow paths in a robust fashion. The
lagged cross-correlation between piezometers x and y for lag k is given by

n-k
Z(x X @, - Y)

Pyy &) =
E(X X)\/Z v, 5

(62)

Airborne Videography and Evapotranspiration Studies

Video images of Reynolds Creek experimental watershed were collected using the USU
airborne multispectral video/radiometer system [Neale, 1991] consisting of three video cameras,
four band EXOTECH radiometer and thermal infrared radiometer. Overflights were made on June
20 and July 27 1992 that covered both the Upper Sheep creek and Reynolds mountain sub-
catchment. The video data were taken from a flight altitude of 3560 m above sea level, which was
1524 - 1720 m above the ground surface. This flight altitude with 16 millimeter camera lens at
focal aperture of 8 resulted in pixel sizes of about 2 m. The data was collected under relatively
clear sky conditions. Video images on each spectral band tape were digitized with a 386-PC
computer that has a frame grabbing board (TARGA+) and software to convert the images into an
ERDAS compatible format. The Earth Resource Data Analysis System (ERDAS) software was
then used to register and stitch images together.

At time of the overflight of June 20 irradiance data were collected over a calibrated standard
barium sulphate reflectance panel located at the center of Upper sheep creek sub-basin. The
irradiance data was used to transform the radiance data to reflectance. Also coincident with the
June 20 overflight a ground based four band EXOTECH radiometer was used to measure Canopy
reflectance along four transacts in the Upper Sheep Creek subbasin. On some transects the canopy
radiometric temperature was measured using an EVEREST infrared radiometer (8 - 14 fm).

From June 19 to 21 (before during and after the June 20 overflight) filed based
evapotranspiration measurements were made. Latent heat flux data were collected with Campbell
Scientific Bowen ratio energy balance systems (BREB) and eddy correlation system (ECRS). At
Upper Sheep creek two ECRS were used, one on each of the north facing and south facing sides.
At Reynolds mountain sub-catchment one BREB and one ECRS were used. A tower with four
Young cup anemometers was used to determine the wind profile that is used to determine the zero
plane displacement and the roughness height. This data will be used to relate evapotranspiration
fluxes to video reflectances.

One of the uses of the video images is mapping of vegetation types. Unsupervised
classification techniques were applied to the video images to cluster the spectral signatures of the
images into classes corresponding to the vegetation types (forest, shrub, grassland, bare soil and
mixed classes) present. Figure 11 gives an example of this classification.
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Figure 11. Unsupervised classification of portion of Reynolds Creek Overflight data.
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