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Figure 2. The Leaf River Basin in Southern Mississippi, USA 

2.3 In-Situ Observations 

2.3.1 Streamflow 

 In the U.S., streamflow measurement is provided by streamflow gauges managed 

by the United States Geological Survey. Streamflow observations are gathered from 

gauges that measure the depth of a river, at the watershed outlet. This is usually 

performed automatically but can be performed manually. This is then translated to flow 

through the stage-discharge relationship, which has been predetermined for a given 

stream.  

2.3.2 SNOTEL 

 SNOTEL stations are distributed throughout the mountainous areas of the U.S. 

and are managed by the NRCS. The NRCS currently has over 800 SNOTEL sites in 

operation. A SNOTEL site typically consists of a precipitation gauge, a temperature 

gauge, a snow depth gauge and a snow pillow. The snow pillows at these sites are scales 
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that weigh the snowpack over about three meter square. This weight is then transferred to 

the volume of water stored in the snowpack by multiplying by the density of water. The 

amount of water is then reported as a depth of water (in inches) and referred to as snow 

water equivalent (SWE). 

2.4 Remotely Sensed Data 

2.4.2 Visible and Infra-red 

 Visible and infra-red radiation refers to wavelengths from about .4 to 14.4 µm. 

Currently, NASA provides data retrieved from these wavelengths as observed by the 

Moderate Resolution Imaging Spectroradiometer (MODIS), which is flown on both the 

Aqua and Terra satellites. The MODIS instrument makes observations at a 500 m 

resolution. Observations in the visible and infrared range are useful for snow observation 

because they are sensitive to both the presence of snow and the albedo of snow because 

of the high reflectivity of snow. Presence of snow can be inferred for each observation 

cell based on the Normalize Difference Snow Index, which compares the observations at 

MODIS bands 4 (545 - 565nm) and 6 (1628 – 1652nm). If the NDSI is greater than .4, 

then the whole cell is considered snow covered. This is used to create a binary map (snow 

or no snow) at the 500m resolution. Products at a coarser resolution than this provide 

percentage of snow cover determined from the 500m map. The albedo product has a 

separate algorithm that will not be discussed in this thesis. While the datasets provided in 

this range have the advantage of being at a very fine resolution, the downside of these 

products is that no data can be gathered in areas that are cloud covered. Another problem 
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with these products, with respect to this study, is this range of wavelengths cannot 

penetrate a snowpack and is therefore insensitive to SWE. 

2.4.3 Passive Microwave 

 For the purpose of SWE estimation, passive microwave radiometer data is more 

useful than radiation in the visible and infrared range as microwave upwelling from the 

snowpack can originate from below the snowpack. This allows inference about snow 

properties, including SWE, based on these observations. The newest instrument that 

NASA has in operational use for passive microwave observation is the Advanced 

Microwave Scanning Radiometer- Earth Observing System (AMSR-E), which is flown 

on the Aqua satellite. This instrument measures in six different channels: 6.9, 10.7 18.7 

23.8 36.5 and 89 GHz, from which the TB is provided. TB is the temperature of the 

earth’s surface, calculated from these measurements, assuming the earth is a blackbody 

(emissivity of 1). For the purpose of SWE estimation, bands between 18 and 37GHz are 

the most useful as they penetrate the snowpack the furthest and are less sensitive to 

atmospheric effects or radio interference. The newest remotely sensed SWE datasets 

provided by NASA are gathered from the AMSR-E instrument. SWE products from the 

AMSR-E instrument are created through the [7] algorithm, which uses an empirical 

relationship of the difference of the 18.7 and 36.5GHz channels with SWE. While it is 

quite useful to have a dataset that provides remotely sensed SWE, datasets inverted from 

microwave TB are subject to errors from inversion owing to topographic roughness, 

proximity to water, sensor saturation, air temperature, dense forest, liquid water in the 

snowpack and changing snowpack structure. Since direct inversion of TB is associated 
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with many errors, recent research has looked to more complicated methods of SWE 

reconstruction through a radiative transfer model. 

 Radiative Transfer Models (RTM) are used to predict the microwave emission 

from the land surface based on the temperature and physiographic characteristics. 

Predicted microwave emission from snowpack is a factor of several variables including 

snow depth, density, grain size, liquid water content and temperature. Two popular 

techniques used in predicting snow microwave emission are using six-flux theory to 

describe multiple scattering within the snowpack, as is performed in the Microwave 

Emission Model For Layered Snowpack (MEMLS), and Dense Media Radiative Transfer 

theory, as is performed in the Dense Media Radiative Transfer Model [44]. While both of 

these methods are effective in prediction snow microwave emission, to date they have not 

been extensively compared and thus neither has been proven more effective. In addition 

to modeling the emission of microwave radiation from the snowpack, RTMs must also 

account for vegetation effects and atmospheric attenuation. The output from a RTM is a 

prediction of the TB above the earth’s atmosphere. This provides validation for a snow 

prediction model and a framework for data assimilation, which is only recently being 

studied. 

2.4.4 Data Processing 

 Data from remote sensors come in a wide variety of formats including binary, 

ASCII, netCDF, Hierarchical Data Format-Earth Observing System (HDF-EOS) among 

others. For the purpose of this study, only TB data from the AMSR-E instrument were 

used, which are distributed in HDF-EOS. This is very similar to HDF format and can be 
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processed by a variety of software. Software for geolocation and transformation of this 

data into a binary or ASCII format is available from the National Snow and Ice Data 

Center website. This study used the HDF import tool within MATLAB to load and 

manipulate the data. 
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3. Hydrologic Models 

3.1 Hydrologic Models 

3.1.1 HyMod Model 

The first model used in this study is the HyMod model, which has been used previously 

by several authors in testing of calibration strategies [33, 45]. This is a simple conceptual, 

lumped model containing 5 calibration parameters. The parameters and the calibration 

bounds applied to them are shown in table 1. Inputs to HyMod are precipitation and 

potential evapotranspiration and the output is streamflow. The model allocates water 

between a series of three quick-flow tanks and one slow-flow tank. The model also 

consists of five state parameters. The states are the storage in each of the four tanks and a 

non-linear storage capacity. Model parameters are summarized in Table 1 and model 

state variables are summarized in Table 2. 

Table 1.     Parameters for the HyMod model from 

Parameter  Range 
Rq Quick Flow Tank Parameter 0-1 
Rs Slow Flow Tank Parameter .001-.1 
Alpha Partitioning Factor .6-1 
Beta 
Cmax 

Variability of Soil Moisture Capacity 
Maximum Watershed Storage Capacity 

0-2 
0-1000 

 

Table 2.     HyMod model state variables 

State Variable Description Units 
X1 
X2 

Quick Flow Tank 1 Storage 
Quick Flow Tank 2 Storage 

mm 
mm 

X3 Quick Flow Tank 3 Storage mm 
X4 Slow Flow Tank Storage mm 
S Total Watershed Storage mm 
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3.1.2 Sacramento Soil Moisture Accounting Model 

The SAC-SMA model, which was first introduced by Burnash [6], is a conceptual 

water balance model used operationally at the NWSRFC. The model simulates water 

storage with two soil moisture zones: an upper and a lower zone. The upper zone 

accounts for short term storage of water in the soil, while the lower zone models the 

longer term groundwater storage. Water can move vertically from the upper zone to the 

lower zone, laterally out of the system depending on the state variables and the 

parameterization, or vertically out of the system through evapotranspiration. For the snow 

data assimilation portion of this study, the model is run in three different elevation bands, 

as is performed by the SNOW-17. The SAC-SMA is run with information from the 

SNOW-17 model and the potential evapotranspiration (PET), is linearly interpolated 

from the NWSRFC monthly PET values for the study basin, for each elevation band. The 

model calculates the water balance for the system and any excess is routed to the basin 

outlet using the unit hydrograph method. Model parameters are summarized in Table 3. 

Similarly the model state variables with their descriptions are summarized in Table 4. 
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Table 3.     Parameters for the SAC-SMA model 

Parameter Description Units Range 
Capacity Parameters 
UZTWM 

 
Upper zone tension water maximum 

 
mm 

 
1.0-150 

UZFWM Upper zone free water maximum mm 1.0-150 
LZTWM Lower zone tension water maximum mm 1.0-500 
LZFPM 
LZFSM 
ADIMP 
Recession 
Parameters 
UZK 
LZPK 
LZSK 
 
Percolation and other 
ZPERC 
REXP 
PCTIM 
PFREE 
 
Routing Parameter 
Kq  
Not Estimated 
RIVA 
SIDE 
RSERV 

Lower zone free primary maximum 
Lower zone free secondary maximum 
Additional impervious area 
 
Upper zone depletion parameter 
Lower zone primary depletion parameter 
Lower zone secondary depletion 
parameter 
 
Maximum percolation rate 
Percolation equation exponent 
Impervious area of watershed 
Free water percolation from upper to 
lower zone 
 
Nash-Cascade Routing Parameter 
 
Riparian vegetated area 
Deep recharge to channel base flow 
Lower zone free water not transferable to 
tension water 

mm 
mm 
- 
 
1/day 
1/day 
1/day 
 
 
- 
- 
- 
- 
 
 
1/day 
 
- 
- 
- 

1.0-1000 
1.0-1000 
0.0-0.4 
 
0.1-0.5 
0.0001-0.025 
0.01-0.25 
 
 
1.0-250 
0.0-5.0 
0.0-0.1 
0.0-0.1 
 
 
0.01-0.99 
 
0.0 
0.0 
0.3 

 

Table 4.     SAC-SMA model state variables 

State Variable Description Units 
UZTWC 
UZFWC 

Upper zone temperature water content 
Upper zone free water content 

mm 
mm 

LZTWC Lower zone tension water content mm 
LZFPC Lower zone free primary water content mm 
LZFSC 
ADIMC  

Lower zone free secondary water content 
Additional impervious area water content 

mm 
mm 
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3.1.3 SNOW-17 Model 

 The hydrologic model used in this study is a distributed version of the NWS’s 

SNOW-17 model [1, 39]. This model is run at a spatial resolution of 1/8° and at a 6-

hourly time step. The SNOW-17 model is a snow hydrology model, which is currently 

used operationally at the NWSRFC to model snow accumulation and ablation. The main 

processes simulated by SNOW-17 include: form of precipitation (snow or rain), 

accumulation of snow cover, energy exchange at the snow-air interface, internal states of 

snow cover (temperature, liquid/frozen water content, density, etc.), transmission of 

liquid water through the snowpack, and heat transfer at the soil-air interface. 

The model is forced with precipitation and temperature data, and predictions are 

made for the SWE and snowmelt depth, at each time step, averaged over the modeling 

domain. Model parameters with their feasible ranges and the state variables are given in 

Table 5 and Table 6 respectively. 

Table 5.     Parameters in the SNOW-17 model 

Parameter Description Units Range 
Estimated parameters 
PXTEMP 

 
Temperature that separates rain/snow 

 
˚C 

 
0.5-4 

UADJ Wind function for rain on snow events mm/mb 0.02-0.2 
MFMAX Maximum melt factor without rain mm/(˚C•6hr) 0.5-2 
MFMIN 
Stationary Parameters 
SCF 
SI 
Areal Depletion Curve 
NMF 
TIPM 
MBASE 
PLWHC 
 
DAYGM 

Minimum melt factor without rain 
 
Factor for adjusting gauge catch errors 
SWE when land is fully snow-covered 
11 points on the snow depletion curve 
Maximum negative melt factor 
Antecedent temperature index 
Base temperature for melt computations 
Percent liquid water holding capacity of 
snowpack 
Amount of melt which occurs daily at 
snow-soil interface 

mm/(˚C•6hr) 
 
- 
mm 
- 
mm/(˚C•6hr) 
- 
˚C 
- 
 
mm/day 

0.05-0.6 
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Table 6.     State variables in the SNOW-17 Model 

State Variable Description Units 
Wi 
D 

Frozen water equivalent in pack 
Heat Deficit 

mm 
mm 

ATI  Antecedent temperature index ˚C 
Wmax Maximum water equivalent that has existed during 

accumulation 
mm 

Wns 
Ans 
W100 

 

S 
Aadj 
E1 

 

H 
Ts 
Ta,t-∆t 

Water equivalent of new snowfall on bare ground 
Areal cover when new snow falls on partly bare ground 
Amount of water equivalent at which areal cover drops 
below 100% 
Amount of lagged excess liquid water 
Value computed for the depletion curve computation 
Hourly average lagged excess water for precipitation 
time interval 
Depth of total snow cover 
Average snow cover temperature 
Air temperature for precious time step 

mm 
- 
mm 
 
mm 
mm 
mm 
 
cm 
˚C 
˚C 

 

3.2 Observation Model 

In this study, an observational operator is necessary to transform snow properties 

into TB. This operator is a model referred to as a RTM. A RTM is a numerical program 

that translates several land surface variables into TB. TB of the land surface is sensitive 

to many variables including surface temperature, soil moisture, vegetation, SWE, and 

snow grain size. Many experiments have been performed to invert TB to SWE, but due to 

the non-unique relationship between TB and SWE [18], the RTM is strictly used as a 

forward model for this assimilation experiment. This provides a framework for estimating 

the possible snowpack states, at each time-step, constrained by the precipitation and 

temperature inputs to the system. The RTM used in this study is the Microwave Emission 

Model for Layered Snow (MEMLS) [47]. This model is designed to work in the 

frequency range of 5 to 100GHz for both polarizations and the correlation length 
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(inferred from snow grain size according to [29]) range from 0.01 to 0.3mm. In this 

experiment, the TB is modeled at 36.5GHz frequency at vertical polarization. This 

frequency was chosen because of its sensitivity to snow parameters [43]. 

MEMLS assumes a snowpack with homogeneous horizontal layers of depth, 

density, correlation length, liquid water content and temperature. The model is based on 

multiple scattering radiative transfer and internal scattering is based on the six-flux 

theory, but simplified to upwelling and downwelling radiation. Scattering and absorption 

coefficients are derived from the frequency of the model and the snowpack temperature, 

correlation length and density [31]. Since MEMLS is only designed to calculate the 

microwave emission of the snowpack and does not take into account other land surface 

characteristics, updates are only made when the ground is snow covered. For comparison 

with AMSR-E data, the microwave radiation must be predicted through the top of the 

atmosphere, thus vegetation and atmospheric effects must be accounted for outside the 

MEMLS. Vegetation and atmospheric characteristics were modeled as implemented in 

both [37] and [17]. 

3.3 Snow Grain Size Model 

In addition to a distributed version of the original SNOW-17 model, a snow grain 

size calculation algorithm [26] was implemented in the SNOW-17, as it is a necessary 

quantity for radiative transfer calculations. In this algorithm, snow grains growth is 

calculated from the diffusive vapor flux in the snowpack and the liquid water content. For 

dry snow conditions, equation 1 is used; for snow with liquid water content of less than 

9%, equation 2 is used and equation 3 is performed for snow with liquid water content 


