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climatological applications, several remote sensing methods (empirical in 
nature) that estimate ET on a monthly and annual basis have been developed 
(Choudhury, 1991), but are not discussed here. The methods vary in complex­
ity from statistical/semi-empirical approaches to more physically-based ana­
lytical approaches and ultimately to numerical models that simulate the flow of 
heat and water through the soil, vegetation and atmosphere. There will also be 
a discussion of two methods that are conceptually quite different from the way 
in which remote sensing data have been traditionally used in predicting ET. 

THE SURFACE BOUNDARY CONDITION: THE AVAILABLE 
ENERGY FOR ET 

In computing ET, the surface energy balance equation is the primary boundary 
condition to be satisfied: 

Rn + G+H+LE = 0 (1) 

where Rn is the net radiation, G is the soil heat flux, H is the sensible heat flux 
and LE is the latent heat flux, all in W m*2. In equation (1), fluxes away from 
the surface are negative and towards the surface are positive. In this paper, ET 
will represent the vapour flux converted to mm of water per day (mm day *). 
In addition, when describing the magnitudes of the various components in 
equation (1), daytime conditions will be assumed, which typically means no 
horizontal advection and hence Rn > 0, G, H and LE < 0. For many of the 
approaches, the estimation of the available energy (Rn + G) that is partitioned 
between the turbulent fluxes H and LE has not been given as much attention as 
in the parameterizations used in predicting the turbulent fluxes. In many cases, 
Rn is the largest component in equation (1) while G can be from 5 to 50% of Rn 

depending on vegetation cover and soil moisture conditions (Brutsaert, 1982). 
A number of approaches using remote sensing data from the GOES 

satellites have been developed for estimating the four components of Rn (Sellers 
et al., 1990), namely: 

Rn = (\-a)RsHl-es)Rld-esaTj (2) 

where Rs is the incoming shortwave solar radiation, Rld is the incoming 
longwave radiation, a is the surface shortwave albedo, ê  is the surface 
emissivity, a is the Stefan-Boltzman constant (5.67 x 10"8 W nr2 K"4), Tsh is the 
hemispherical radiometric temperature as defined by Norman & Becker (1995), 
so that the quantity esoTsh

4 represents the upwelling longwave radiation flux, Rlu. 
The radiometric temperature measured by an infrared radiometer from a space-
borne platform, Tmd, is assumed to approximate Tsh. 

Both Rs and a have been estimated from GOES using empirical/statistical 
and physically-based models (Pinker et al., 1995). On a daily basis, the estimate 
of Rs from satellite data has an uncertainty of approximately 10%, but at shorter 
time scales, for example hourly, the uncertainty may be greater (probably on the 
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order of 20-30%, on average), especially for partly cloudy conditions (Pinker 
et al., 1994). Validating Rs at hourly or shorter time scales under partly cloudy 
skies is especially difficult due to sampling problems associated with the limited-
area network of ground-based measurements typically available from field ex­
periments (Pinker et al., 1994). 

Satellite estimates of the contribution of the net longwave flux at the 
surface have been developed using sounding data (Darnell et al., 1992). The 
Tiros Operational Vertical Sounder (TOVS) of the NOAA satellites contains 
infrared and microwave sensors that can be used for estimating both Rld and 
Trad. Other approaches have utilized meteorological data collected at screen 
level with semi-empirical relationships for estimating Rld, and then use Trad for 
calculating the upwelling longwave component (Jackson et al., 1987). 

Sellers et al. (1990) raise the concern that estimating the four com­
ponents of Rn could lead to error accumulation, especially in estimating the net 
longwave flux because both Rld and Rlu are large components, so the difference 
would be small and prone to significant uncertainty. This has led some to 
estimate surface Rn from top of the atmosphere (TOA) Rn (Pinker & Tarpley, 
1988). While it has been shown that there is little correlation between surface 
and TO A net longwave flux (Harshvardhan et al., 1990), there is a strong 
correlation between Rs and Rn at the surface. This has lead to statistical 
approaches using slowly varying surface properties such as surface albedo and 
soil moisture with remotely sensed estimates of Rs for estimating Rn (Kustas et 
al., 1994b). Other techniques use narrow band reflectance data and Trad from 
aircraft and satellite-based platforms for estimating the upwelling components 
aRs and Rlu and use meteorological data for estimating the downwelling com­
ponents Rs and Rld (e.g. Moran et al., 1989; Daughtry et al., 1990). Compari­
sons with ground-based observations at meteorological time scales (i.e. half-
hourly to hourly) indicate that the differences are within the uncertainty in the 
measurements, namely 5-10%. 

The soil heat flux can be solved as a function of the thermal conductivity 
of the soil and the vertical temperature gradient. This temperature gradient 
cannot be measured remotely, hence numerical models solve for G by having 
several soil layers (Campbell, 1985). This requires detailed information about 
soil properties. Models using routine weather data may provide satisfactory 
predictions of soil heat flux (e.g. Camillo, 1989). An alternative approach takes 
G/Rn as a constant under daytime conditions that varies as a function of the 
amount of vegetation cover or leaf area index (LAI), which can be estimated 
via remotely sensed vegetation indices, (VI) (Choudhury et al., 1994). Several 
studies have shown that the value of GIRn typically ranges between 0.4 for bare 
soil and 0.05 for full vegetation cover (Choudhury etal., 1987). Observations 
(Clothier et al., 1986; Kustas et al., 1993a) indicate that a linear relationship 
between VI and GIRn exists, although analytically it has been shown that the 
relationship should be nonlinear (Kustas et al., 1993a). 

The applicability of using the ratio GIRn is somewhat limited due to the 
temporal variation in the ratio over the daytime and the effects of soil moisture 

GSWC 0928



500 W. P. Kustas & J. M. Norman 

and soil properties on the GIRn relationship (Brutsaert, 1982). Comparisons 
with observations at meteorological time scales suggest these simplified tech­
niques can yield differences of 20-30% (Kustas et al., 1993a). 

DETERMINATION OF THE TURBULENT FLUXES H & LE 

Atmospheric correction issues 

For the approaches using Tmd and Vis, accounting for the attenuation of the 
radiances received by satellite-based sensors is not a trivial matter (Kaufman, 
1989; Price, 1989). In correcting thermal-infrared data, whether using radiative 
transfer models or split-window techniques the uncertainty is 1° to 3°C over 
land surfaces (Becker & Li, 1990; Perry & Moran, 1994). Model sensitivity 
to such an uncertainty in Tmd can be significant, especially over large vegeta­
tion where errors can be ~ 100 W m"2 for hourly to daily time scales (Norman 
et al., 1995a). However, the 150 W m'2 uncertainty in estimating sensible heat 
flux from radiometric surface temperature observations suggested by Sellers et 
al. (1995) is in many cases two to three times larger than errors reported by 
many other researchers (Choudhury, 1994). 

Empirical/statistical and semi-empirical approaches 

These methods have mainly been developed to predict daily ET using instan­
taneous remote sensing observations and assumptions about the relationship 
between midday H and LE and (Rn + G). Experimental observations analysed by 
Hall et al. (1992) suggest that the evaporative fraction (EF = -LEI(Rn + G)) 
remains fairly constant over the daytime period. Results using this empirical 
finding will be discussed later. 

One of the most widely applied approaches, using a Trad observation near 
midday, was pioneered by Jackson et al. (1977) whereby they observed that 
daily differences between ET and Rn could be approximated by the following 
linear expression: 

K4+LE
d-

A+B{TradJ-TaJ) (3) 

where the subscripts i and d represent instantaneous and daily values, 
respectively, A and B are statistical regression coefficients and Ta is the air 
temperature at screen height (i.e. around 2 m above the surface). A more 
general form of this expression was proposed by Seguin & Itier (1983) based 
on theoretical and experimental observations, namely: 

Rn,d
+LEd = B(TradJ-Tajr (4) 

where B is dependent on surface roughness and the value of n depends on 
stability (n = 1 for stable and 1.5 for unstable conditions). A variant of 
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equation (4) was introduced by Nieuwenhuis et al. (1985) who replaced TaJ 

andRn d with a reference canopy temperature (Tci) corresponding to conditions 
of potential ET (LEdp). The linear form of equation (3) has been verified 
experimentally and theoretically (Carlson & Buffum, 1989; Lagouarde, 1991). 
Recently, Carlson et al. (1995) used a S VAT model to show that a systematic 
relationship exists between the B and n parameters in equation (4) and frac­
tional cover, which can be estimated with remotely sensed data. Theoretical 
and experimental work by Lagouarde & McAneney (1992) resulted in the deri­
vation of an equation for estimating daily sensible heat flux, (Hd) using Tmd 

measured around the time of the NOAA-AVHRR overpass (1400 local standard 
time) and maximum Ta. The equation is similar in form to Dalton's evaporation 
equation (see Brutsaert, 1982) and requires the determination of two empirical 
parameters relating instantaneous to daytime average values of wind speed and 
surface-air temperature differences. On a daily basis the above techniques 
appear to have an uncertainty of ± 1 mm day"1 or 20-30%. 

The approaches described above attempt to extrapolate "instantaneous" 
remote sensing observations of the derived fluxes to daily totals which are 
required for many hydrological and agricultural applications. Interest in daily 
fluxes led Jackson et al. (1983) to develop a procedure using the assumption 
that the temporal trend in LE would follow the course of solar radiation during 
the daylight period. They showed that for a clear day the ratio of daily to 
midday Rs (Rsn) could be approximated by an analytical expression: 

RJRsm = 2M[7rsin(7Tf/A/)] (5) 

where JV is the day length in hours, and t is the time starting at sunrise. Several 
studies have shown this technique can yield satisfactory estimates of ET 
(Brutsaert & Sugita, 1992). 

With the assumption that EF remains nearly constant over the daytime 
period, an instantaneous estimate of the fluxes and hence EF from a remote 
sensing observation would have the potential to provide daily ET as long as one 
can estimate the daytime average available energy (Rn + G). Several studies 
have found this technique can give reasonable results with differences in daily 
ET of less than 1 mm day"1 (Sugita & Brutsaert, 1991; Brutsaert & Sugita, 
1992; Hall et al., 1992; Kustas et al., 1994a). The estimates of daily ET from 
either using equation (5) or assuming EF is constant, however, should be 
adjusted for the contribution of nighttime LE. Nighttime ET can be anywhere 
from 10% to 30% of the daily total (Owe & van de Griend, 1990). This per­
centage of the daily total will largely depend upon the climate and season. For 
temperate climates in the summer, 10-20% of the daily total is probably typical 
(Brutsaert & Sugita, 1992). 

Recently, Zhang & Lemeur (1995) examined the underlying assumptions 
of both equation (5) and of EF being constant using the Penman-Monteifh 
equation, and compared the results with measurements from a mixed agri­
cultural and forested region during HAPEX-MOBILHY (Hydrological Atmos­
pheric Pilot Experiment-Modelization du Bilan Hydrique; see e.g. André et al., 
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1986) under clear skies. They found that EF is fairly constant for short 
vegetation, but may not be for forests. Furthermore, the midday values of EF 
tended to be smaller than the daytime average and the daytime total available 
energy is required to use this method. Therefore they felt that the Jackson et 
al. (1983) approach was more suitable since it required only one instantaneous 
estimate of LE and equation (5) to compute daily ET. However, equation (5) 
will only be suitable for clear day conditions whereas Sugita & Brutsaert (1991) 
and Kustas et al. (1994a) found that EF was reasonably constant under a wider 
variety of conditions. 

Physically-based analytical approaches 

Price (1980) proposed a model for obtaining daily-integrated fluxes directly by 
integrating equation (1) over a 24 hour period with some simplifying assump­
tions. The result is an analytical expression for computing daily ET. It requires 
as primary input a 24 hour max-min difference in Trad and daily average 
climate data obtained by routine weather station observations (i.e. wind speed, 
air temperature and vapour pressure). This model readily lends itself to the 
NOAA-AVHRR series of satellites which provide day-night pairs of radio­
metric surface temperature. Further refinements to the technique were made by 
Price (1982) resulting in a prognostic model that appears to give appropriate 
ET values when compared to local estimates using standard meteorological and 
pan evaporation data. However, the amplitude of the max-min difference in 
Trad is affected by more than surface soil moisture when vegetation is present 
and therefore it is less directly coupled to the relative magnitude of ET 
(Norman et al, 1995a). 

Other methods generally compute LE by evaluating Rn, G and H and 
solving for LE by residual in equation (1). At least one radiometric surface 
temperature observation is required. Unfortunately, most of these approaches 
that are described below provide only an "instantaneous" estimate of the fluxes 
because these models require Trad, which means that only one estimate of LE 
can be computed during the daytime except when using Trad observations from 
satellites such as GOES or METEOS AT. 

With Rn and G estimated by the remote sensing methods described 
earlier, sensible heat flux is normally computed using the following expression: 

rr _ ~P^p\ aero~ a' /g\ 
_ 

where p is the air density, Cp is the specific heat of air at constant pressure, rH 

is the resistance to heat transfer, Taew is the surface aerodynamic temperature 
(Norman & Becker, 1995) and Ta is the air temperature either measured at 
screen height or the potential temperature in the mixed layer (Brutsaert & 
Sugita, 1991; Brutsaert et al., 1993). The resistance to heat transfer is affected 
by windspeed, atmospheric stability and surface roughness (Brutsaert, 1982). 
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Since Taero cannot be measured by remote sensing, it is usually replaced 
by Trad. For uniform canopy cover, the difference between Taero and Trad is 
typically less than 2°C (Choudhury et al, 1986; Huband & Monteith, 1986), 
but for partial vegetation cover the differences can reach 10°C (Kustas, 1990). 
This has forced many investigators to adjust rH via empirical methods related 
to the scalar roughness for heat (Kustas et al., 1989; Sugita & Brutsaert, 1990; 
Kohsiek et al., 1993) or use of an additional resistance term (Stewart et al., 
1994). However, these adjustments to equation (6) are not generally applicable 
because they have not been related to physical quantities causing differences 
between momentum and scalar transport (McNaughton & Van den Hurk, 
1995). This is supported by Sun & Mahrt (1995) who analysed Trad obser­
vations collected over heterogeneous surfaces and found existing scalar 
roughness parameterizations for predicting reliable H fluxes with equation (6) 
were not generally applicable. Fortunately, methods are being developed with 
single-source (Troufleau et al., 1995) and dual-source models (Norman et al., 
1995b; Lhomme et al., 1994) to account for differences between Taero and Trad, 
and thus avoid the need for empirical adjustments to rH. A recent study by 
Zhan et al. (1996) compared several different models for computing H with 
Trad

 o v e r different ecosystems. They showed that models containing the least 
empiricism to account for the differences between Trad and Taero gave the best 
results with differences less than 30%, on average. The model by Norman et 
al. (1995b) generally gave the smallest differences with measured H fluxes. 
The average difference was around 20%, which is considered the level of 
uncertainty in eddy correlation and Bowen ratio techniques for determining the 
surface fluxes in heterogeneous terrain (Nie et al., 1992). 

Another approach to solve this problem relates to performing detailed 
simulations using microclimate and radiative transfer models that can predict 
the relationship between Tmd and Taew as a function of surface conditions such 
as vegetation cover or leaf area index and surface soil moisture, and solar 
zenith and azimuth angles (Prévôt et al., 1994). Some preliminary results from 
the simulations indicate that leaf area index is a major factor in determining the 
order of magnitude of the scalar roughness needed in equation (6) if Taero is 
replaced by Trad. A similar result using a Lagrangian approach was obtained 
by McNaughton & Van den Hurk (1995) who represented the difference bet­
ween momentum and scalar transport using an excess resistance term. Further 
research with these approaches should be encouraged. 

Numerical models 

A significant number of numerical models has been developed over the past 
decade to simulate surface energy flux exchanges using remote sensing data 
(usually observations of Trad) for updating the model parameters (Camillo et 
al., 1983; Carlson et al., 1981; Soer, 1980; Taconet et al, 1986). The 
advantage of these approaches is that the temporal trace of the fluxes can be 
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simulated and periodically updated with the remote sensing data. Taconet et al. 
(1986) show the feasibility of using this approach with AVHRR data and more 
recently included the geostationary satellite data (METEOSAT) to increase the 
stability of the model inversion and atmospheric correction to the satellite 
observations (Taconet & Vidal-Madjar, 1988). 

Unfortunately, these models require many input parameters related to soil 
and vegetation properties not readily available at regional scales. This need for 
a reduction in the number of parameters for operational purposes has prompted 
some to simplify numerical models in order that remote sensing could potentially 
be used to estimate most of them (Bougeault et al., 1991). An extreme example 
of this is given by Brunet et al. (1991) who use an atmospheric boundary layer 
(ABL) model to calculate regional scale energy fluxes with a Penman-Montieth 
equation for parameterizing the energy transport across the soil-vegetation-
atmosphere interface. The surface resistance is the main adjustable parameter, 
and is adjusted in order for the model to match the early afternoon infrared 
surface temperature observation from the NOAA-AVHRR satellite. Preliminary 
tests using observations under different moisture and crop conditions and surface 
temperatures from ground-based stations indicate the model adequately simulates 
the temporal trace and magnitudes of both the energy fluxes and surface 
temperature. 

Numerical models have several advantages over the statistical/semi-
empirical and analytical approaches. First, they typically contain more of the 
physics of energy transport in the soil-vegetation-atmosphere system. Second, 
with initial and boundary conditions, they can simulate the energy fluxes con­
tinuously. Yet many still require continuous weather data such as wind speed, 
air temperature and vapour pressure, or in the case of atmospheric models which 
can simulate the near-surface weather, they require radiation data. In practice, 
few of these models can be used at regional scales with remote sensing data 
because of the amount of vegetation and soils information required to evaluate 
the necessary parameters. Attempts at bridging this gap between having a 
physically-based robust model simulating the energy fluxes and remote sensing 
providing necessary information for determining key surface parameters in an 
operational mode have been successful to some degree (Sellers et al., 1992; 
Crosson et al., 1993). Two such approaches which appear to have great 
potential for estimating ET operationally are discussed below in some detail. 

ALTERNATIVE APPROACHES IN USING REMOTE SENSING 
FOR ESTIMATING ET 

Exploiting the VI/Trad relationship 

Numerous studies have found a significant negative correlation between NDVI 
and Trarfover different surfaces (Goward etal., 1985; Hope & McDowell, 1992; 
Nemani & Running, 1989; Nemani et al., 1993). They suggest that this 
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relationship is related to the amount of available energy partitioned into LE 
which is driven by variation in transpiration or evaporative cooling. Hope et 
al. (1986) show theoretically that with VI and Trad one can extract canopy 
resistance. However, this assumes complete canopy cover which does not 
usually exist in most natural ecosystems. 

Nemani & Running (1989) used an ecological model for forested 
ecosystems and observed a nonlinear relationship between the slope of the 
NDVI-Trad curve and the canopy resistance. Goward & Hope (1989) also pro­
posed that the slope was a measure of the surface resistance. These approaches 
will be difficult to apply to most landscapes with partial canopy cover since 
variabilities in fractional cover and surface soil moisture cause significant 
scatter in the VI/Trad relationship. Furthermore, studies suggest that the 
relationship between surface resistance and the NDVIITrad slope will vary 
significantly with vegetation type. Nemani et al. (1993) showed that the 
NDVI/Trad slope responded to changes in water status of forested areas, but not 
of grasslands. The variability in slope for grasslands appeared to be mainly 
caused by variation in fractional cover rather than in ET. Smith & Choudhury 
(1991) used a coupled dual-source soil-vegetation model to show that the 
NDVI/Trad slope largely depended on whether the drying soil surface is the 
source of the decline in ET or whether it is the vegetation. They also observed 
that the linear relationship between NDVI and Trad did not exist for forests but 
only for agricultural and native pastures. 

Others have used an energy balance model for computing spatially 
distributed fluxes from the variability within the NDVIITrad plot from a single 
scene (Price, 1990). Price (1990) used NDVI to estimate the fraction of a pixel 
covered by vegetation. From the NDVIITmd plot Price (1990) showed how one 
could derive bare soil and vegetation temperatures and, with enough spatial 
variation in surface moisture, estimate daily ET for the limits of full cover 
vegetation, dry and wet bare soils. 

Following Price (1990), Carlson et al. (1990; 1994) combined an ABL 
model with a S VAT for mapping surface soil moisture, vegetation cover and 
surface fluxes. Model simulations are run for two conditions: 100% vegetative 
cover with the maximum NDVI being known a priori, and with bare soil 
conditions knowing the minimum NDVI. Using ancillary data (including a 
morning sounding, vegetation and soil type information) root-zone and surface 
soil moisture are varied, respectively, until the modeled and measured Trad are 
closely matched for both cases so that fractional vegetated cover and surface 
soil moisture are derived. Further refinements to this technique have been 
developed by Gillies & Carlson (1995) for potential incorporation into climate 
models. Comparisons between modelled-derived fluxes and observations have 
been made recently by Gillies et al. (1996) using high resolution aircraft-based 
remote sensing measurements from a grassland ecosystem during FIFE (First 
ISLSCP Field Experiment; see e.g. Sellers et al., 1988) and from a semiarid 
rangeland ecosystem during Monsoon '90 (Kustas & Goodrich, 1994). 
Approximately 90% of the variance m the fluxes were captured by the model. 
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In a related approach, Moran et al. (1994) define theoretical boundaries 
in the SAVII(Trad - Ta) two-dimensional space using the Penman-Monteith 
equation, where SAVI is the soil-adjusted vegetation index proposed by Huete 
(1988). The boundaries define a trapezoid, which has at the upper two corners 
unstressed and stressed 100% vegetated cover and at the lower two corners, 
wet and dry bare soil conditions. In order to calculate the vertices of the 
trapezoid, measurements of Rn, vapour pressure, Ta, and wind speed are 
required as well as vegetation specific parameters; these include maximum and 
minimum SAVI for the full cover and bare soil case, maximum leaf area index, 
and maximum and minimum stomatal resistance. Moran et al. (1994) analyse 
and discuss several of the assumptions underlying the model, especially those 
concerning the linearity between variations in canopy-air temperature and soil-
air temperatures and transpiration and evaporation. Information about ET rates 
is derived from the location of the SAVII{Trad — Ta) measurements within the 
date and time-specific trapezoid. This approach permits the technique to be 
used for both heterogeneous and uniform areas and thus does not require 
having a range of NDVI and surface temperature in the scene of interest as 
required by Carlson et al. (1990) and Price (1990). Moran et al. (1994) have 
compared the method for estimating relative rates of ET with observations over 
agricultural fields and showed it could be used for irrigation scheduling 
purposes. More recently, Moran et al. (1995) have shown the technique has 
potential for computing ET over natural grassland ecosystems. 

Humes et al. (1995) have shown that the relationship between NDVI and 
Trad for a semiarid rangeland landscape can show some of the same features seen 
over other surfaces when the data are acquired at extremely high resolution or 
small pixel size. Yet, at the resolution of satellite-based sensors, they show that 
the range of variability in NDVI and Trad can be significantly reduced making it 
more difficult to use NDVIITradapproaches. Gillies & Carlson (1995), however, 
were able to use their approach with 1 km pixel data from the NOAA-AVHRR 
satellites. A significant correlation at regional scales between NDVIand temporal 
changes in surface temperature was obtained by Diak et al. (1995) using NOAA-
AVHRR and GOES (8 km resolution) data; but this correlation strongly 
depended on whether areas with predominately low NDVh or vegetation cover 
were included in the domain. Friedl & Davis (1994) used high resolution aircraft 
data from FIFE, similar to the type used by Gillies et al. (1995), and helicopter 
data with a soil-canopy-sensor model to interpret properly observed patterns in 
Trad. They found that a significant amount of the variance in NDVI and Trad was 
related to landcover type, and more importantly that there was no observed 
relationship between the amount of vegetation cover and surface fluxes. Values 
of Trad calculated using the soil-canopy-sensor model showed that the relation­
ship between soil background temperature and variability in fractional vegetative 
cover is the dominant factor, not the energy flux partitioning between H and LE, 
causing the negative correlation between Trad and NDVI. However, Friedl & 
Davis (1994) point out that this last result is dependent on the scale of the 
analysis. They indicate that for a much coarser resolution and for a much larger 
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satellite scene, as shown by Price (1990) using AVHRR data over the Great 
Plains of North America, variations in NDVI and Trad reflect agricultural 
practices and synoptic weather patterns (rainfall) rather than natural variability 
in canopy cover. Their main conclusion is that an invertible energy balance 
model using remotely sensed surface temperature must account for the effects 
of landcover type, soil moisture and soil background temperature effects on 
radiometric observations to obtain reliable ET estimates. 

Time rate of change of Trad 

An important conceptual step in improving the procedure for estimating soil 
moisture and the surface energy balance came with the idea of using the time 
rate of change of Trad from a geostationary satellite such as GOES with an 
atmospheric boundary layer model (Wetzel et al., 1984). By using time rate of 
change of Trad, one reduces the need for absolute accuracy in satellite sensing 
and atmospheric corrections, both major challenges. Diak (1990) improved this 
approach further with a method for partitioning the available energy (Rn + G) 
into H and LE by using the rate of rise of Trad from the GOES satellite and 
ABL rise from the 1200 Greenwich Mean Time (GMT) synoptic sounding to 
the 0000 GMT sounding. The model is initialized with the 1200 GMT sounding 
of temperature, humidity and wind speed. Then the surface Bowen ratio (i.e. 
the ratio of the turbulent fluxes HI LE) and the "effective" surface roughness are 
varied until the predicted 12 hour rise in ABL height and Trad match the obser­
vations. This "effective" surface roughness combines the effects of the surface 
aerodynamic roughness, viewing angle and fractional vegetative cover. Esti­
mates of surface albedo and emissivity are required by the model. 

Diak & Whipple (1993) further refined the model by including a 
procedure to account for the effects of horizontal and vertical temperature 
advection and vertical motions above the ABL. Sensitivity of the model to the 
determination of the surface energy balance and to the "effective" roughness 
was performed with a case study using data from the Midwest and Great Plains 
areas in the Continental USA. They also verified their model estimates of the 
surface energy balance with measurements from the FIFE site for two days. 
The model-derived ET values were within 10% of the measurements suggesting 
this technique may provide reliable ET estimates at regional scales. Additional 
comparisons of 12 hour averages of sensible heat flux with FIFE observations 
support the utility of their model (see Fig. 2 from Diak et al., 1995). They also 
found that temperature advection usually does not significantly impact the 
surface energy balance estimates given by the model on a daily basis, although 
for areas which are routinely affected by advection the biasing could impact 
longer term averages of ET (i.e. at climate time scales). 

In a related approach, Anderson et al. (1996) recently developed and 
tested a two-source surface energy balance model requiring measurements of 
the time rate of change of surface temperature and an early morning ABL 
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sounding. With this model, many of the problems associated with the use of 
radiometric surface temperature are avoided. The model accommodates the first 
order dependence of the radiometric surface temperature on view angle, avoids 
the need for atmospheric corrections and precise emissivity evaluation, and 
does not require in situ measurements of air temperature. The performance of 
the model was evaluated with experimental data from FIFE and Monsoon '90. 
The model yielded uncertainties in flux estimates comparable to models needing 
in situ air temperature observations and were comparable to the uncertainties 
in surface energy flux measurements. 

Recognizing the fact that using Trad requires detailed information on the 
characteristics of the surface and the structure of the overlying atmosphere, 
which is often incomplete for many regions, Diak et al. (1994) proposed a 
method that employs the High Resolution Interferometer-Sounder (HIS) for esti­
mating the turbulent heat fluxes, H and LE. The premise is that the temporal 
changes in the radiances observed by HIS implicitly measure changes in the 
lower atmosphere, which are a measure of the absolute amount of energy added 
to the ABL. The HIS radiance changes were described by coefficients obtained 
by an eigenvalue decomposition procedure. These coefficients were in turn 
related to various components of the surface energy balance equation using 
multiple linear regression. Diak et al. (1994) provide convincing evidence that 
this method responds to temperature changes in the lower atmosphere as well as 
surface temperature changes. Consequently, this technique is equivalent to the 
method of Diak (1990), but without requiring any ancillary data, just two 
remote radiance measurements. However, even when HIS becomes operational, 
co-located flux measurements will be required to establish a data base to use 
the HIS technique. One possible solution is to identify sites that have suffi­
ciently detailed surface information to permit some of the other techniques 
described above to be used to calibrate this procedure. In any event, the HIS 
technique offers tremendous potential since it can evaluate the surface energy 
balance relying only on remotely sensed data. 

Techniques using microwave remote sensing 

While most of these approaches use optical remote sensing, work should con­
tinue on trying to use microwave data for estimating Trad (Njoku, 1994) and 
other important surface parameters because these data are not significantly 
affected by atmospheric attenuation and clouds. The possibility also exists for 
using relatively simple models with microwave data for computing the contri­
bution of soil evaporation to daily ET (Kustas et al., 1993b; Chanzy & Kustas, 
1994). Moreover, compared to thermal-infrared observations, passive micro­
wave data at low-frequencies (<5 GHz) sample different depths in the soil, 
thereby providing information related to profile soil moisture (Jackson et al., 
1995). With active microwave or radar, low-frequency (~5 GHz) microwave 
backscatter data have been used with radiometric surface temperature observa­
tions for estimating soil surface and canopy temperatures, which are then used 
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in a dual-source model for computing the surface fluxes (Troufleau et al., 
1994). Preliminary results from field studies using active microwave measure­
ments indicate that high frequency ( ~ 15 GHz) microwave backscatter is related 
to the NDVI while low-frequency microwave backscatter may be related to the 
quantity (Trad — Ta) (Moran et al., 1996). These preliminary results with 
microwave observations indicate that the data can be very useful for inter­
preting Trad observations over partial vegetation cover and in providing 
additional information that may improve estimates of input parameters used in 
ET models (Diak et al., 1995). Nevertheless, the pixel resolution of passive 
microwave sensors are on the order of 10-100 km and thus may limit their use 
to regional and global scale applications, while better algorithms are needed to 
interpret backscatter signals from active microwave data. 

SUMMARY 

The methods reviewed in this paper for using remote sensing to estimate ET 
cover a broad range of complexity from empirical/statistical to numerical 
models simulating the heat and water flow through the soil-vegetation system 
to the overlying atmosphere. For agricultural and hydrological applications, 
relatively simple methods using one-time-of-day remote sensing observations 
for quantifying daily ET have been applied operationally (Seguin et al., 1989; 
1991), while the application of S VAT models with remote sensing observations 
in operational climate and hydrological models are being developed and tested 
(Ottlé & Vidal-Madjar, 1994; Gillies & Carlson, 1995). 

Since the greatest value-added benefit of remote sensing is application at 
pixel-to-regional scales, this is emphasized in this summary. A series of issues 
has emerged as important for remote sensing of ET from measurement and 
modelling studies and theoretical considerations: 
1. Trad is not equal to Taero. 
2. Most models are sensitive to errors in (Taero - Tair) and the measurement 

of Tair at the time and location of the Trad observation is not typically 
available. 

3. Trad dependence on view angle cannot generally be neglected because 
differences in vegetation and soil temperatures can be significant 
depending on soil moisture conditions. 

4. Thermal emissivity is only known approximately on the pixel scale. 
5. Atmospheric corrections and satellite calibrations contribute significant 

errors in the measurement of Tmd that are not always known adequately. 
6. Remote observations are instantaneous, while integrated fluxes are 

desired on hourly, daily or longer time scales. 
7. Satellites with larger pixel sizes (1-4 km) can provide sufficiently 

frequent observations in time (i.e. GOES), but may have uncertainties 
related to the averaging over heterogeneous subpixel areas. 

8. Continuous (hourly or daily) surface flux estimates are most useful and 
clouds cause remote observations to be intermittent. 
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Table 1 contains a representative but not exhaustive list of models for 
using remote observations to estimate ET. Our attempt at characterizing which 
of the above eight issues each of these models addresses is contained in 
Table 2. Clearly, none of the models address all the important issues at the 
present time, but several of the models address the most critical issues (2 and 
5) as well as some of the important issues (1,3,4 and 6). None of the models 
explicitly address the issue of subpixel averaging (7). Preliminary studies 
(Crosson et al., 1993; Sellers et al., 1992) and some in progress using FIFE 
data suggest that issue 7 may be a significant problem at the 1 km scale but 
may average out at the 10 km scale (Norman & Divakarla, 1995). None of the 
current models addresses the issue of continuous surface fluxes even with 
clouds, but studies are in progress to combine the thermal IR remote sensing 
approaches discussed in this paper with mesoscale models, synoptic surface 
observations and microwave observations. If issues 1 - 7 are addressed 
adequately, issue 8 will not limit remote estimation of regional ET fluxes. 

Table 2 List of models from Table 1 and indication whether they address the eight issues 
identified in die Summary (+ in a column means that at the authors' level of 
understanding, the model addresses that issue for the value-added application of remote 
sensing to regional ET estimation; a blank means that the model is not interpreted to 
address that issue) 

Model no./ 
Issue no. 

1 

2 

3 

4 

5 

6 

7 

8 

1 

+ 

2 

+ 

3 

+ 

4 

+ 

5 

+ 

+ 

6 

+ 

+ 

7 

+ 

+ 

8 

+ 

+ 

+ 

+ 

+ 

+ 

9 

+ 

+ 

10 

+ 

+ 

+ 

11 

+ 

+ 

12 

+ 

+ 

+ 

+ 

13 

+ 

+ 

14 

+ 

+ 

+ 

+ 

15 

+ 

+ 

+ 

+ 

16 

+ 

+ 

+ 

+ 
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Eldridge, Melissa

From: Eldridge, Melissa <MEldridge@bhfs.com>  
Sent: Wednesday, February 28, 2024 10:00 AM 
To: Watermaster@mojavewater.org 
Cc: Leland P. McElhaney <lmcelhaney@bmklawplc.com>; rcwagner@wbecorp.com; Hastings, Stephanie 
<SHastings@bhfs.com>; Carlson, Mack <mcarlson@bhfs.com> 
Subject: Agenda Item 7 ‐ Revised Comments on Watermaster’s Production Safe Yield Update 

On behalf of Golden State Water Company (GSWC), attached are revised comments related to the Mojave Basin Area 
(Basin) Watermaster’s evaluation and update of the Production Safe Yield for each Subarea of the Basin. Please 
disregard the prior letter. 

Melissa A. Eldridge  
Legal Practice Assistant 
Brownstein Hyatt Farber Schreck, LLP 
1021 Anacapa Street, 2nd Floor 
Santa Barbara, CA 93101 
805.882.1482 tel 
MEldridge@bhfs.com 

Brownstein - we're all in. 
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Stephanie Osler Hastings 
Attorney at Law 
805.882.1415 direct 
shastings@bhfs.com 

www.bhfs.com

Brownstein Hyatt Farber Schreck, LLP 
805.963.7000 main 
1021 Anacapa Street, 2nd Floor 
Santa Barbara, California  93101 

February 28, 2024 

VIA EMAIL TO: WATERMASTER@MOJAVEWATER.ORG 

Board of Directors 
Mojave Basin Area Watermaster 
Mojave Water Agency 
13846 Conference Center Drive 
Apple Valley, CA 92307‐4377 

RE:  Agenda Item 7 ‐ Comments on Watermaster’s Production Safe Yield Update (REVISED) 

Dear Board of Directors: 

On behalf of Golden State Water Company (GSWC), we submit the following revised comments related 
to the Mojave Basin Area (Basin) Watermaster’s evaluation and update of the Production Safe Yield (or 
PSY)  for each Subarea of  the Basin.1   We  request  that  the Watermaster  review our comments and 
consider the attached technical analysis by aquilogic, Inc. (aquilogic) as the Watermaster continues to 
refine its update of the PSY for each Subarea—specifically Watermaster’s estimate of flow across the 
Transition Zone—and issues its Free Production Allowance for Water Year 2024‐25 and Annual Report 
for 2023‐24 required by the Mojave Basin Judgment.  

I. Statement of Interest 

GSWC,  formerly  Southern California Water Company  and  a party  to  the  Judgment,  is  a division of 
American  States  Water  Company,  a  “Class  A”  utility  regulated  by  the  California  Public  Utilities 
Commission,  provides  water  service  to  approximately  260,000  customers  throughout  California.  
GSWC’s Mountain Desert District operates water systems within three of the Mojave Basin Subareas—
Alto,  Este,  and  Centro—and  provides  water  service  to  15,275  water  service  connections  and  a 
population of approximately 50,400 in and around the cities and communities of Barstow, Apple Valley, 
and Lucerne Valley.  GSWC has adjudicated Base Annual Production2 rights of 1,940 acre‐feet per year 
(AFY)  in  the  Alto  Subarea,  178  AFY  in  the  Este  Subarea,  and  14,407  AFY  in  the  Centro  Subarea.  
Groundwater produced from 29 wells located in these Subareas provides GSWC’s sole source of supply 
for  its  Mountain  Desert  District  customers.    Accordingly,  GSWC  has  a  significant  interest  in 

 
1 This February 28, 2024 revised comment letter clarifies statements in our prior February 27, 2024 comment letter and 
supersedes it.  The clarifications are in Section V of this letter. 
2 All capitalized terms not defined herein have the same meaning as set forth in the Judgment. 
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implementation of the Judgment and management of the Basin, and in particular the sustainability of 
those Subareas in which GSWC operates—especially in the Centro Subarea.  

II. Importance of the Accuracy of the Calculation of PSY 

The accuracy of the PSY for each Subarea is critical to implement the Physical Solution imposed by the 
Judgment.   Based on the PSY, Watermaster adjusts the Free Production Allowance (or FPA) for each 
Subarea.    Given  the  importance  of  the  calculation  of  PSY  and  FPA  under  the  Judgment  and  its 
corresponding effects on Producers’ rights, the Watermaster has the obligation to use the best available 
records and data, and install, operate, and maintain measurement devices to monitor streamflow and 
groundwater levels.3 

III. Water Levels in the Centro Subarea Continue to Decline 

Since entry of the Judgment  in 1996, water  levels  in the Centro Subarea have remained the same or 
continued to decline, despite Centro Subarea Producers reducing pumping consistent with the FPAs and 
Alta Subarea Producers purportedly meeting their Minimum Subarea Obligations, as Watermaster has 
reported in its Annual Reports.4  Falling water levels became particularly pronounced beginning in late 
2017 near the City of Barstow and Lenwood and Hodge Recharge Sites resulting in water quality impacts 
to GSWC’s Bradshaw Wellfield which consists of eleven active production wells.   At  the same  time, 
nitrate levels in four of the production wells increased to levels exceeding the Nitrate MCL of 10 mg/l. 
GSWC was forced to take these wells out of service and to construct a $5 million dollar nitrate treatment 
facility to treat and contain the nitrate impacted supply.  The on‐going operation and maintenance cost 
of the nitrate system is on the order of $2 million per year.  Nitrate impacts are continuing to expand to 
additional wells at the Bradshaw Wellfield and expansion of the newly constructed treatment facility 
may be necessary.   

IV. Concern with Accuracy of Watermaster’s Estimate of Flow Across the Transition Zone and the 
Resulting Impact on Watermaster’s Calculation of PSY 

GSWC has reviewed the Watermaster Engineer’s presentation to the Watermaster Board on January 
24,  2024  and  also  the memorandum  from Robert C. Wagner  regarding  the  Transition  Zone Water 
Balance memorandum, dated February 28, 2024, and  recently posted  to  the Watermaster website.  
GSWC  is  concerned  that  the Watermaster’s  calculation  of  PSY  and  FPA  do  not  accurately  reflect 
observed conditions in the Centro subarea and that further study is required to ensure adequate and 

 
3 Judgment, ¶¶ 24(e), (w), see also Judgment, Ex. G, ¶ 2(b), 6 (requiring installation of monitoring wells in the Transition 
Zone and at Subarea boundaries). 
4 See, e.g., Watermaster, 2021‐2022 Twenty‐ninth Annual Report, p. 28, Fig. 3‐15 (May 1, 2023) available at 
https://www.mojavewater.org/wp‐content/uploads/2023/10/29AR2122_Revised.pdf (acknowledging some seasonal 
variability in water levels but noting continuing decline in water levels for at least the past 10 years).   
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sustainable supplies to GSWC’s Barstow System.  The accuracy of the Watermaster’s calculation of flow 
across the Transition Zone is of critical importance to the Watermaster’s calculation of the PSY and FPAs 
for each Subarea.5 

V. GSWC Commissioned an Independent Analysis of Flow Across the Transition Zone  

In anticipation of the Watermaster’s update of the PSY, GSWC asked aquilogic to analyze inflows into 
the  Centro  Subarea  from  the  Transition  Zone.    Aquilogic’s  analysis,  presented  in  the  enclosed 
memorandum dated February 23, 2024 and titled “Progress Report and Mojave Basin Transition Zone 
Water Budget”  (hereafter,  “aquilogic memorandum”)  concludes  that  surface water  inflow  into  the 
Centro Subarea may be overestimated because the Watermaster’s assumption that all inflows into the 
Transition Zone at the Lower Narrows gage, adjusted by an estimated Transition Zone water balance, 
are equal to inflows into the Centro Subarea is likely incorrect.   

The aquilogic memorandum describes the available stream gages along the Mojave River in the vicinity 
of  the  Transition  Zone.    It  identifies  that  Lower Narrows  gage provides  a  long‐term dataset  at  the 
upstream boundary of  the Transition Zone  (adjacent  to  the Alto Subarea), but no  similar  long‐term 
downstream gage exists at the Transition Zone boundary with the Centro Subarea.6  Aquilogic, however, 
identifies that the Wild Crossing gage historically existed near the Centro Subarea and Transition Zone 
boundary between March 1966  through October 1970.7   The Wild Crossing gage provides  the best 
available data that show the potential change in surface flows in the Mojave River across the Transition 
Zone by  comparing  flow  rates at  the  Lower Narrows and Wild Crossing gages.8   Based on  the data 
available, surface water  flows at  the Wild Crossing gage, when operational, were significantly  lower 
than those at the Lower Narrows gage, suggesting that the Mojave River recharges groundwater in the 
Transition Zone rather than flowing into the Centro Subarea, as Watermaster assumes.9   

Further, aquilogic  identified that the average annual net stream recharge within the Transition Zone 
between Water Year 1966‐1970 was approximately 59,500 AFY.10  When compared to the Judgment’s 
estimate of 2,000 AFY of Subsurface Flow between the Transition Zone and the Centro Subarea,  it  is 

 
5 The Judgment requires that the Watermaster rely on pertinent hydrologic data and estimates, including the factors and 
criteria identified in Exhibits C and H of the Judgment, to calculate the PSY and FPAs.  (See Judgment, ¶¶ 2(a), 24(o), (w), 
Exes.  C & H.)  For example, Exhibit C to the Judgment explains the process to establish the Base Flow and Storm Flow in 
the Mojave River at the Lower Narrows (Transition Zone boundary with the Alto Subarea) to estimate inflows into the 
Centro Subarea that inform the calculation of PSY and FPA.  (See Judgment, Ex. C, ¶ B(1).) 
6 The aquilogic memorandum identifies that closest gages to the Centro Subarea and Transition Zone boundary are the 
Barstow gage and the recently established Hodge/Hinkley gage, which are more than eight miles from the boundary and 
have significant limitations due to the width of the river channel at these locations.  (aquilogic memorandum, p. 2.)  
7 Id. at p. 2. 
8 Id. at p. 3. 
9 See id. at p. 3, Fig. 2. 
10 See id. at pp. 3‐4, Fig. 3. 
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unclear without additional analysis what happens to this additional recharge.11  Based on available well 
information,  the  aquilogic memorandum  finds  that  it  is  reasonable  to  conclude  that  groundwater 
pumping within  the Transition Zone, along with environmental uses,  remove  the additional  stream 
recharge from the Transition Zone.12  In sum, the assumption that Centro Subarea stream inflow equals 
stream discharge measure at the Lower Narrows gage, adjusted by an estimated Transition Zone water 
balance, may not be accurate.13  

The aquilogic memorandum further analysis to estimate the PSY and FPA for the Centro Subarea more 
accurately, including: 

 preparation of a more detailed Transition Zone water budget based on U.S. Geological Survey 
modeling and other data sources;14  

 expansion of the model domain used for the PSY to  include all of the Transition Zone, Centro 
and Baja Subareas; and 

 preparation of a written draft report for stakeholder review and comment prior to submission 
to the court.15 

Given  the  impacts of  falling water  levels  in  the Centro  Subarea on GSWC operations  and  facilities, 
coupled with  aquilogic’s  analysis  and  recommendations  presented  in  the  attached memorandum, 
GSWC  believes  additional  analysis  of  flow  across  the  Transition  Zone  is  warranted  to  support 
implementation of the Judgment.  

VI. GSWC Request for Further Analysis of the Transition Zone as Part of the PSY Update 

GSWC  respectfully  requests  that  the  Watermaster  consider  these  comments  and  the  aquilogic 
memorandum  before  completing  its  update  of  PSY  for  each  Subarea  and  before  issuing  its  Free 
Production Allowance for Water Year 2024‐25 and Annual Report for 2023‐24.  In addition, should the 
recommended analysis show  the need  for additional subsurface and surface monitoring  to evaluate 
hydrogeologic conditions with the Transition Zone, especially at the Centro Subarea boundary, GSWC 
asks Watermaster to commit to  install, operate, and maintain appropriate monitoring equipment to 
address data gaps.   

 
11 Id. at p. 4; Judgment, Ex. G, ¶ 1(e). 
12 aquilogic memorandum, p. 5. 
13 The aquilogic memorandum also notes that 15,095 AF of treated wastewater was discharged in the Transition Zone 
downstream of the Lower Narrows gage in Water Year 2022, suggesting that Watermaster’s assumptions for the Transition 
Zone require further review based on current conditions as well.  (aquilogic memorandum, p. 5.)  
14 See id. at pp. 6‐7. 
15 The February 28, 2024 Watermaster memorandum does not appear to include the recommended analyses. 
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Thank  you  for  your  consideration  of  these  comments.    GSWC  appreciates  the  Watermaster’s 
commitment to further evaluate Basin conditions as required by and as necessary to  implement the 
Judgment effectively.  

Respectfully, 

Stephanie Osler Hastings 
 
cc:  Leland McElhaney, Brunick, McElhaney & Kennedy  

Robert Wagner, Watermaster Engineer 

Attached:  aquilogic, Inc. memorandum, dated February 23, 2024 
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245 Fischer Avenue, Suite D-2 
Costa Mesa, CA 92626 

Tel. +1.714.770.8040 
Web:  www.aquilogic.com 

 

MEMORANDUM 

To: Stephanie Hastings, Shareholder, Brownstein, Farber, Hyatt, Schreck, LLP 
From: Anthony Brown, Principal-in-Charge, aquilogic, Inc. 
 Robert H. Abrams, Ph.D., P.G., CHg., Senior Principal Consultant, aquilogic, Inc. 
Date: February 23, 2024 

Subject: Progress Report and Mojave Basin Transition Zone Water Budget 

Project No.:  018-10  

 

Aquilogic, Inc. (aquilogic) has prepared this memorandum for two purposes.  First, the 

memorandum documents preliminary work performed for the Golden State Water Company in 

the Mojave Basin pertaining to water outflow from the Transition Zone, which represents inflow 

the Centro Subarea (Figure 1).  Preliminary work indicates this outflow may be overestimated by 

the Mojave Basin Watermaster (Watermaster).  Consequently,  inflow to the Centro Subarea 

may also be overestimated.  Second, the memorandum outlines an approach to provide further 

assessment of this outflow/inflow, to be supported by data and analyses. 

The Mojave Basin is subject to a Stipulated Judgment (Judgment) of water rights.1  The 

Judgment stipulates that Alto Subarea Producers have an obligation to deliver 23,000 acre-feet 

per year (AFY) of Subsurface Flow2 and Base Flow3 to the Transition Zone.  Watermaster appears 

to assume that surface water inflow to the Transition Zone provides the basis for estimating 

surface water inflow to the Centro Subarea.4  However, there is no direct evidence to support 

this assumption.  In fact, there is direct evidence that this assumption may be incorrect. 

BACKGROUND 

The Transition Zone is defined in the Judgment as part of the Alto Subarea.  Watermaster 

assumes that the Alto Subarea Producers’ obligation to the Transition Zone is satisfied by inflow 

to the Transition Zone from upstream portions of the Alto Subarea.5  This inflow is comprised of 

Subsurface Flow and Base Flow.  The obligation to the Transition Zone appears to be considered 

by Watermaster to also satisfy an obligation to the Centro Subarea.  For example, the first 

annual report notes, “[s]uch discharge records are used in the calculations of compliance by Alto 

 
1 Riverside (1996).  Judgment after Trial, Mojave Basin Area Adjudication.  City of Barstow et al. v. City of Adelanto et 

al.  Riverside County Superior Court Case No. 208568.  January 10. 
2 Subsurface Flow is defined in the Judgment as, “Groundwater which flows beneath the earth's surface.” 
3 Base Flow is defined in the Judgment as, “That portion of the total surface flow measured Annually at Lower 

Narrows which remains after subtracting Storm Flow.” 
4 After accounting for estimated gains/losses in the Transition Zone, such as sewage treatment plant outfall and 

estimated consumptive use, as stated or implied in multiple annual reports. 
5 Watermaster (1995).  First annual report of the Mojave Basin Area Watermaster, 1993-1994, City of Barstow et al. v. 

City of Adelanto et al.  Riverside County Superior Court Case No. 208568, Riverside County.  February 28. 
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Subarea Producers with their obligation to the Centro Subarea.”6  Subsequent annual reports 

contain similar statements. 

The Judgment specifies that 2,000 AFY of the Alto Producers’ obligation to the Transition Zone is 

satisfied by Subsurface Flow.  Watermaster assumes that groundwater inflow to the Centro 

Subarea from the Transition Zone is also 2,000 AFY.7,8  Therefore, Watermaster appears to 

assume that 21,000 AFY of the obligation to the Centro Subarea must be satisfied by Base Flow 

from the Transition Zone. 

Watermaster states that the change of groundwater storage in the Transition Zone is zero 

because water levels in key piezometers near both the upstream and downstream boundaries of 

the Transition Zone are relatively constant.9  Because of this, Watermaster assumes Mojave 

River discharge measured at the Lower Narrows gage, adjusted by an estimated Transition Zone 

water balance, is essentially equivalent to Mojave River discharge entering the Centro Subarea10 

(Figure 1).  However, there is no active stream gage at the upstream boundary of the Centro 

Subarea.  Therefore, Watermaster’s assumption regarding inflow to the Centro Subarea cannot 

be evaluated directly. 

STREAM DISCHARGE 

There are no stream gages in most of the Transition Zone.  However, there is one long-term 

gage (i.e., water year [WY] 1931 to present) located at the upstream boundary of the Transition 

Zone (Lower Narrows gage) (Figure 1).  Another long-term stream gage is located near the 

Centro Subarea-Baja Subarea boundary (Barstow gage).  A stream gage has recently been re-

established approximately eight miles downstream of the Transition Zone-Centro Subarea 

boundary (Hodge/Hinkley gage). 

The Hodge/Hinkley and Barstow gages measure discharge across an ephemeral Mojave River 

channel that can be over 0.25 miles wide.  Discharge is generally limited at these gages to Storm 

Flow (i.e., very little, if any, Base Flow is measured by these gages).11  The wide channel leads to 

uncertainty in the stream discharge measurements from these gages because Storm Flows may 

 
6 Watermaster (1995).  First annual report of the Mojave Basin Area Watermaster, 1993-1994, City of Barstow et al. v. 

City of Adelanto et al.  Riverside County Superior Court Case No. 208568, Riverside County.  February 28. 
7 As stated or implied in multiple annual reports. 
8 However, it should be noted that the cross-sectional area for groundwater flow between the Transition Zone and 

the Centro Subarea potentially expands and contracts with varying volumes of Transition Zone recharge, 
which may increase or decrease the assumed 2,000 AFY of Subsurface Flow.  Studies to understand the 
geometry of this potentially dynamic cross-sectional area are warranted but have not yet been undertaken 
by Watermaster. 

9 As stated or implied in multiple annual reports 
10 The Lower Narrows gage is located at the upstream boundary of the Transition Zone. 
11 Storm Flow is defined in the Judgment as “That portion of the total surface flow originating from precipitation and 

runoff without having first percolated to Groundwater storage in the zone of saturation and passing a 
particular point of reckoning, as determined annually by the Watermaster.” 
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not always fill the entire width of the channel or may flow in parts of the channel away from the 

gage.  Nevertheless, discharge measurements from these gages are the best available data. 

From WY 1931 through WY 2023, Mojave River discharge at the Lower Narrows gage averaged 

46,100 AFY.  Discharge decreased by an average of 341 AFY over that period.  From WY 1994 

through WY 2023, Mojave River discharge at the Lower Narrows gage averaged 28,300 AFY.  The 

decrease in average annual discharge over this period increased to 521 AFY.   

As noted, there is no active stream gage at or adjacent to the Centro Subarea’s upstream 

boundary.  However, there was such a gage from March 1966 through WY 1970:  the Wild 

Crossing gage (Figure 1).  

DATA ANALYSIS 

The Wild Crossing gage was discontinued because of unstable controls and changing stage-

discharge relations that did not allow for acceptable discharge records.12  However, stream 

discharge measured at the Wild Crossing gage is the best data available that can show the 

potential change in discharge between the upstream boundary of the Transition Zone and the 

upstream boundary of the Centro Subarea, despite its shortcomings and relatively short period 

of record.  It should be noted that the Hodge/Hinkley gage was also discontinued two different 

times since 1932 because of unstable controls and changing stage-discharge relations.  

However, it was reestablished in 2022, which suggests high-quality data can be gathered at gage 

locations previously deemed problematic.  

Stream Recharge to Groundwater 

Figure 2 shows the annual discharge at the Lower Narrows gage, the Wild Crossing gage, and the 

Barstow gage for the period WY 1966 through WY 1970.13  For the purposes of this analysis, net 

stream recharge to groundwater is approximated as the difference in discharge between 

successive gages.14  Discharge at the Wild Crossing gage was lower than discharge at the Lower 

Narrows gage every year during this period.  WY 1969 is particularly striking because annual 

stream discharge at the Wild Crossing gage (156,0000 AF) was 135,000 AF lower than discharge 

at the Lower Narrows gage (291,000 AF), a decrease of approximately 46 percent.15 

 
12 Lines, G.C. (1996).  Ground-water and surface-water relations along the Mojave River, Southern California: U.S. 

Geological Survey Water-Resources Investigations Report 95-4189, 43 p. 
13 The Wild Crossing gage was not active until March 1, 1966, thus may underestimate the annual discharge for WY 

1966. 
14 This is a reasonable approximation, even though it ignores Base Flow and evapotranspiration, because most of the 

flow measured at the Wild Crossing gage and the Barstow gage are from episodic storm events.  However, 
evapotranspiration along the stream course may require further evaluation. 

15 WY 1969 represents the largest amount of discharge on record for the Lower Narrows, Wild Crossing, and Barstow 
gages. 
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The consistent pattern of lower stream discharge at the Wild Crossing gage compared to the 

Lower Narrows gage during this period indicates that stream discharge at the Lower Narrows 

gage was more likely than not significantly greater than stream discharge entering the Centro 

Subarea.  Furthermore, the consistent pattern indicates that significant net stream recharge to 

groundwater from the Mojave River likely occurred in the Transition Zone. 

Figure 3 shows that the average annual stream discharge for WY 1966-1970 decreased 

substantially between the Lower Narrows and Wild Crossing gages (i.e., by approximately 

51,500 AFY).  The total average annual net stream recharge between the Lower Narrows gage 

and the Barstow gage for the WY 1966-1970 period was approximately 59,500 AFY (Figure 3).  

Thus, 86 percent of the total net stream recharge between the Lower Narrows and Barstow 

gages occurred between the Lower Narrows gage and the Wild Crossing gage, i.e., in the 

Transition Zone (Figure 3).  Net stream recharge between the Wild Crossing gage and the 

Barstow gage (i.e., the Centro Subarea) represents only 14 percent of the total net stream 

recharge between the Lower Narrows and Barstow gages.  

As noted, net stream recharge in the Transition Zone averaged approximately 51,500 AFY for 

WY 1966-1970.  Also as noted, the Judgment specifies that Subsurface Flow into the Centro 

Subarea from the Transition Zone is 2,000 AFY.  Thus, the fate of the Transition Zone net stream 

recharge is unclear without further analysis, which is discussed below.  

Groundwater Extractions 

Groundwater extraction data were obtained for 1951-1973 and WY 1994-2022 from the Mojave 

Water Agency (MWA).16  Data were analyzed for 1966-1970 and WY 1994-2022 to determine 

annual groundwater extractions in the Transition Zone.  Data from the earlier period were 

scanned from hard copy and digitized.  Data from the later period were provided digitally.  

Figures 4 and 5 show the wells for which extractions were reported for the 1966-1970 and WY 

1994-2022 periods, respectively.  Groundwater extractions were compared to stream recharge 

to assess if extractions may account for the fate of the Transition Zone stream recharge. 

The upper panel of Figure 6 compares the annual stream recharge in the Transition Zone to the 

annual reported groundwater extractions.  As noted, the WY 1969 stream discharge and 

recharge were anomalously high.  They are statistical outliers, which may cause the average 

value of stream recharge for WY 1966-1970 to be skewed high when compared to average 

groundwater extractions, which typically do not have extreme changes year to year. 

Rather than comparing average values for this period, the median values of annual stream 

recharge (33,234 AFY) and annual groundwater extractions (30,287 AFY) for the 1966-1970 

period were compared.  The median values suggest that most of the Mojave River net stream 

 
16 Jeff Ruesch, Mojave Water Agency, email communications, July 2023. 
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recharge to groundwater in the Transition Zone during the 1966-1970 period was extracted by 

the approximately 260 wells completed in the Transition Zone at that time (Figures 4 and 6). 

Transition Zone groundwater extractions in the 1966-1970 period may have facilitated higher 

net stream recharge by sufficiently changing the hydraulic gradient between the River and 

groundwater enough to induce stream recharge.  This could occur even while water levels in key 

piezometers remain relatively constant.  If so, the water-level data may appear to show that the 

change in groundwater storage in the Transition Zone is zero, when in fact the groundwater flow 

system is highly dynamic and may include significant net stream recharge. 

The lower panel of Figure 6 shows groundwater extractions in the Transition Zone for the 1966-

1970 and WY 1994-2022 periods.  The median value for 1966-1970 was 30,287 AFY.  The median 

value for WY 1994-2022 was 11,522 AFY.  This is a significant decrease in pumping, likely due to 

implementation of the Judgment.  This decrease may suggest that recent and current net 

stream recharge in the Transition Zone is minimal compared to the WY 1966-1970 period.   

However, a reasonable hypothesis is that significant net stream recharge continued to occur 

proportionately in the Transition Zone in the recent past and is currently occurring.  The analysis 

described above suggests that groundwater extractions, on average, may remove an equivalent 

volume of net stream recharge from the Transition Zone.  If so, surface water inflow to the 

Centro Subarea may be overestimated when based on the adjusted stream discharge measured 

at the Lower Narrows gage, because there may be unaccounted stream losses in the Transition 

Zone. 

Additionally, the occurrence of Transition Zone stream losses and the effect of groundwater 

extractions and phreatophytes on streamflow losses and stream discharge in the Mojave Basin 

has been noted in previous reports prepared by others.17,18  Furthermore, it should be noted 

that 15,095 AF of treated wastewater was discharged to the Transition Zone downstream of the 

Lower Narrows stream gage during WY 2022.19  

OUTLINE OF PROPOSED WORK TO FURTHER EVALUATE THE 
TRANSITION ZONE WATER BUDGET 

Watermaster was directed by the Court in 2022 to re-evaluate the Production Safe Yield (PSY) 

for each Subarea.  Aquilogic believes a rigorous reevaluation must include a detailed 

 
17 Stamos, C.L., Martin, P., Nishikawa, T., and Cox, B.F. (2001).  Simulation of ground-water flow in the Mojave River 

Basin, California.  U.S. Geologic Survey Water-Resources Investigations Report 01-4002 Version 1.1. 
18 Todd Engineers (2013).  Final report:  Conceptual hydrogeologic model and assessment of water supply and 

demand for the Centro and Baja Management Subareas, Mojave River Groundwater Basin.  Prepared by 
Todd Engineers and Kennedy/Jenks Consultants for the Mojave Water Agency.  July. 

19 Watermaster (2023).  Twenty-ninth annual report of the Mojave Basin Area Watermaster, water year 2021-2022, 
City of Barstow et al. v. City of Adelanto et al.  Riverside County Superior Court Case No. 208568, Riverside 
County.  May 1. 
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redetermination of the Transition Zone water budget.  Material presented to date by 

Watermaster does not appear to have included a redetermined Transition Zone water budget.20 

The analyses performed to date by aquilogic and others suggest that groundwater flow 

dynamics and the Transition Zone water budget are complex.  The analyses provide a 

foundation for deeper evaluation of the Transition Zone water budget and its evolution through 

time.  For example, the aquilogic analyses reported here can form components of an overall 

water budget evaluation.  The objective of such an evaluation would be to provide an in-depth 

analysis of the volume of water that flows into the Centro Subarea annually. 

A complete water budget would include all inflows, outflows, and the change of groundwater 

storage over time.  Previous work by others can be leveraged to support development of a 

complete water budget.  For example, the Judgment specifies that 2,000 AFY of groundwater 

flows into the Centro Subarea from the Transition Zone.  This flow rate was specified before in-

depth modeling was conducted by the U.S. Geological Survey (USGS) or MWA.  A deeper 

analysis may reveal that this specified flow rate is too low or too high.   

Groundwater flow into the Centro Subarea occurs in the Mojave River alluvium, in deeper 

horizons across the Helendale Fault, and other areas along the Transition Zone-Centro Subarea 

boundary (Figure 1).  This flow rate is difficult to assess without using a groundwater flow 

model.  A groundwater model can be used to contribute to a complete water budget evaluation 

by calculating the transient change in groundwater storage and groundwater flow rates that 

cannot otherwise be determined due to lack of data in key locations.  Aquilogic strongly 

recommends that the current Mojave Basin groundwater flow model used by Watermaster be 

updated to include the entire basin, as soon as possible.  In its current form, it is premature to 

use the model for any analyses involving the Transition Zone. 

The water budget for the Transition Zone should be developed with sufficient detail and rigor to 

at least meet Sustainable Groundwater Management Act (SGMA) regulations for historic and 

current water budgets.  A preliminary list of tasks to be performed includes, but may not be 

limited to, the following: 

• Compile and review available previous work by others on groundwater flow and water 

budgets in the Alto and Centro Subareas, including the Transition Zone 

• Evaluate the usefulness of the USGS Basin Characterization Model (BCM)21 and the 

Parameter-elevation Regressions on Independent Slopes Model (PRISM)22 dataset for 

application to the Transition Zone water budget 

 
20 Watermaster (2024).  Groundwater Model and Production Safe Yield Update.  Watermaster presentation prepared 

by Wagner and Bonsignore, Consulting Civil Engineers. Mojave Water Agency / Watermaster Board 
Meeting, January 24, 2024. 

21 https://ca.water.usgs.gov/projects/reg_hydro/basin-characterization-model.html 
22 https://prism.oregonstate.edu/ 
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• Evaluate groundwater levels in the Transition Zone from WY 1931-present, with particular 

focus on the WY 1966-1970 and WY 1994-2022 periods to support the analyses described 

above 

o Estimate evapotranspiration by standard methods, including the use of satellite and 

areal images, and compare with previous studies 

o Compile all available water level data for the Transition Zone 

o Evaluate the water level data in terms of changes in well hydrographs and spatial 

water-level distributions over time 

o Determine if groundwater levels increased, decreased, or remained the same during 

the WY 1966-1970 period 

• Use the USGS model and the updated MWA model (if and when available) to further 

evaluate the WY 1966-1970 period 

o Update the USGS model as needed, including groundwater extractions and 

potentially extending the model in time 

o Evaluate Transition Zone changes in groundwater storage, stream recharge, effects 

of evapotranspiration, groundwater extractions, and surface and groundwater flow 

into the Centro Subarea 

• Critically evaluate results and available previous work to determine the best estimate of the 

Transition Zone water budget 

• Identify data gaps and limitations in the analyses 

• Effectively communicate the results to stakeholders 

• Thoroughly document the analyses and prepare both draft and final reports 
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Stephanie Osler Hastings 
Attorney at Law 
805.882.1415 direct 
shastings@bhfs.com 

www.bhfs.com

Brownstein Hyatt Farber Schreck, LLP 
805.963.7000 main 
1021 Anacapa Street, 2nd Floor 
Santa Barbara, California  93101 

March 27, 2024

VIA EMAIL TO: WATERMASTER@MOJAVEWATER.ORG

Board of Directors
Mojave Basin Area Watermaster
Mojave Water Agency
13846 Conference Center Drive
Apple Valley, CA 92307 4377

RE: Agenda Items 7 & 9 Comments on Watermaster’s Production Safe Yield Update (February
2024), proposed recommendation for Free Production Allowance for Water Year 2024 25,
Watermaster Annual Report for Water Year 2022 23

Dear Board of Directors:

This letter follows my letter dated February 28, 2024 on behalf of Golden StateWater Company (GSWC)
related to the Mojave Basin Area (Basin) Watermaster’s evaluation and update of the Production Safe
Yield (PSY) for each Subarea of the Basin—specifically Watermaster’s estimate of flow across the
Transition Zone. GSWC is a party to the Mojave Basin Judgment and a producer in three of the Mojave
Basin Subareas—Alto, Este, and Centro.

Despite the significant concerns raised by my February 28, 2024 letter, which included a technical
analysis by aquilogic, Inc. regarding the accuracy of the Watermaster’s calculation of flow across the
Transition Zone, and the potential resulting impacts on Watermaster’s calculation of the Production
Safe Yield and Free Production Allowances for each Subarea, to date, GSWC has not received any
response from the Watermaster.1

At the Watermaster’s February 28 meeting, the Watermaster Engineer’s presentation2 included some
information not previously shared that may represent an attempt to assess streamflow losses (i.e.,
groundwater recharge) in the Transition Zone, although the purpose is unclear.3 To the extent that this
information implies that most streamflow loss between the Lower Narrows gage and the Barstow gage

1 The minutes of the Watermaster’s February 28, 2024 meeting reflect Director Limbaugh’s direction to the Mojave Water
Agency or the Wastermaster to respond to GSWC February 28, 2024 comment letter.
2 Watermaster Agenda, February 28, 2024, Item 7 Presentation: Production Safe Yield Update and Proposed Free
Production Allowance (2024 2025), available at:
https://mojavewater.granicus.com/MetaViewer.php?view_id=2&clip_id=1336&meta_id=107549
3 Watermaster Agenda, February 28, 2024, Item 7 Presentation: Production Safe Yield Update and Proposed Free
Production Allowance (2024 2025), slides 24 and 25. The March 27, 2024 presentation on the same topic does not include
this information. (See generally, Watermaster Agenda, March 27, 2024, Item 7 Presentation: Production Safe Yield Update
and Proposed Free Production Allowance (2024 2025).)
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Board of Directors
February 28, 2024
Page 2

occurs in the downstream half of the Centro Subarea, it contradicts the analysis conducted by aquilogic,
which points to the conclusion that most streamflow loss between the Lower Narrows gage and the
Barstow gage may occur in the Transition Zone—before it reaches the Centro Subarea. Given that
groundwater extraction patterns, and perhaps other factors, have changed over the last 50+ years, this
apparent contradiction can only be resolved through further, in depth analysis, preferably with a well
calibrated groundwater flow model, which to date has not occurred.

Accordingly, GSWC reiterates is prior request that the Watermaster consider and respond to its
comments and recommendations, inclusive of those contained in the aquilogic memorandum, before
completing its update of PSY for each Subarea and before issuing its Free Production Allowance for
Water Year 2024 25 and Annual Report for 2023 24. In addition, should the recommended analysis
show the need for additional subsurface and surface monitoring to evaluate hydrogeologic conditions
with the Transition Zone, especially at the Centro Subarea boundary, GSWC asks Watermaster to
commit to install, operate, and maintain appropriate monitoring equipment to address data gaps.

If helpful, GSWC would be pleased to discuss its concerns in more detail with Watermaster Staff and
Engineer.

Respectfully,

Stephanie Osler Hastings

cc: Leland McElhaney, Brunick, McElhaney & Kennedy
Robert Wagner, Watermaster Engineer
Toby Moore, Golden State Water Co.
Bob Abrams, aquilogic, Inc.
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MEMORANDUM 
 
 

 
 
 

To:  Mr. Lee McElhaney  
Attorney, Mojave Basin Area Watermaster 

  Brunick, McElhaney & Kennedy 
  lmcelhaney@bmklawplc.com 
 
From:  Robert Wagner, P.E., A. Leonardo Urrego-Vallowe 
 
Date:    April 12, 2024  
 
Re:       Response to comments on Transition Zone Water Balance memorandum, 

dated February 28, 2024. 
 
This memorandum responds to comments on the Mojave Basin Area Watermaster’s update to 
the Production Safe Yield (PSY) for the Alto and Centro subareas that was presented by 
Watermaster Engineer to the Watermaster Board on January 24, 2024 and on the Watermaster 
memorandum titled “Production Safe Yield & Consumptive Use Update” dated February 28, 
2024. 
 
The comments Ms. Stephanie Hastings, Attorney transmitted on behalf of Golden State Water 
Company (GSWC) highlight the importance of accuracy in the calculation of the Free 
Production Allowance (FPA) as required by the Judgment. The comments indicated that GSWC 
has concerns that the calculation of the of PSY and FPA do not accurately represent observed 
conditions in the Centro subarea. Watermaster understands that GSWC concern is based on 
decline in groundwater levels in its wells within the Centro subarea, water quality impacts 
associated with this decline and the operational costs associated with these issues. 
 
The comments included a technical analysis prepared by Aquilogic titled “Progress Report and 
Mojave Basin Transition Zone Water Budget” (referred to as the “aquilogic memorandum”).  
The aquilogic memorandum concludes that Watermaster has overestimated the streamflow 
recharge into the Centro subarea because the Watermaster incorrectly assumed that all inflows 
into the Transition Zone (TZ) are equal to the inflows to the Centro subarea. The aquilogic 
memorandum states that Watermaster assumption of the change in storage for the TZ is zero may 
be incorrect given that there is no direct measurement of stream flows at the upstream boundary 
of the Centro subarea. 
 

Nicholas F. Bonsignore, P.E. 
Robert C. Wagner, P.E. 
Paula J. Wheal en 

Wagner& Bonsignore 
Consulting Civil Engineers, A Corporation 

Marcin Berber, P.E. 
Patrick W Ervin, P.E. 

David P. Lounsbury, P.E. 
Vincent Maples, P.E. 

Leah Orloff, Ph.D, P.E. 
David H. Peterson, C.E.G., C.H.G. 

2151 River Plaza Drive • Suite 100 • Sacramento, CA 95833-4133 
Ph: 916-441-6850 • Fax: 916-779-3120 

Ryan E. Scolfus 
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The aquilogic memorandum explains that the USGS Wild Crossing gage was in operation for a 
relatively short period of time (March 1966 to September 1970).  A stream flow analysis of the 
Wild Crossing gage relative to the Lower Narrows gage during the period of record indicated 
that most of the Mojave River recharge occurred along the TZ rather than within the Centro 
subarea and therefore, the assumption regarding the change in storage for the TZ appears to be 
incorrect. 
 
In addition, the aquilogic memorandum states that “the Wild Crossing gage was discontinued 
because of unstable controls and changing stage-discharge relations that did not allow for 
acceptable discharge records.” Watermaster does not believe the data recorded at the Wild 
Crossing gage is representative enough to include in the current calculation of return flows into 
the TZ and neither in the calculation of the PSY and FPA. This is because stream flows at the 
Wild Crossing gage were recorded for a short period of time (only four complete water years) 
and because operations at this gage were discontinued due to inaccuracy issues as mentioned in 
the aquilogic memorandum. 
  
Watermaster assumption of no change in storage for the TZ is supported by the consistent 
decrease in groundwater pumping within the TZ.  Historic groundwater production in the TZ is 
shown below (Figure 1).  The average pumping between 1951-2020 and 2001-2020 declined 
about 40.7%.   
 

Wagner&Bonsignore 
Consulting C iv il Eng ineers, A Corpo rat i o n 
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Figure 1. Historic groundwater pumping in the Transition Zone. 

 
In September 2022, USGS initiated operations of the streamflow gage #10262000 Mojave River 
near Hodge.  In water year (WY) 2023, total annual stream flow at the Lower Narrows was 
96,606 acre-feet (AF) and total stream flow at the Hodge gage was 84,351 AF. The difference 
between these two gages was about 12,203 AF.  Total discharge from VVWRA into the Mojave 
River was 14,274 AF. Neglecting stream flow losses due to evaporation, net stream change 
between Lower Narrows and the Hodge gage was about 24% (or 26,529 AF during 2023).  The 
reach between the Lower Narrows gage and the Hodge gage is nearly 23.5 miles; and the 
distance between the Lower Narrows gage and the Helendale Fault is about 13 miles. Hence, we 
expect that only 13% (or 14,675 AF) of the net stream change would have occurred along the 
TZ.  This is consistent with the historical record of losses between Lower Narrows and the 
Helendale Fault. 
 
As explained in the Watermaster Annual Report for Water Year 2022-23 (Annual Report), the 
elements of use from the TZ are: 1) Groundwater extractions (pumping), and 2) Consumptive 
use by native vegetation (phreatophytes).  The verified production during WY 2023 was 10,039 
AF.  Total consumptive use for phreatophytes was calculated to be about 5,702 AF.  Return 
flows from pumping during 2023 was 3,180 AF.  Thus, total use from the TZ during WY 2023 
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was 12,561 AF (production plus phreatophytes use minus return flows) which is close to the net 
change in stream flows in the TZ estimated above (14,675 AF).  In other words, the net 
streamflow loss is accounted for by the groundwater pumping, return flow and water demand for 
phreatophytes. 
 
We prepared an estimated surface water balance for the TZ for WY 2023 for purposes of 
calculating the outflow to Centro subarea for WY 2023 as shown on Table 1. 
 
Table 1. Transition Zone Water Balance for WY 2023 (all values are provided in units of AF). 

WATER SUPPLY 
Surface Water Inflow  

Lower Narrows 96,606  
VVWRA 14,274  
Ungaged (Runoff from Precipitation) 745  

Subsurface Inflow 2,000  
Return Flow from Production (1) 3,180  
Imports 0  

Total Inflows 116,806 
CONSUMPTIVE USE AND OUTFLOW 

Surface Water Outflow  
Gaged 0  
Ungaged 99,064  

Subsurface Outflow 2,000  
Production 10,039 
Phreatophytes 5,702 
Imports 0  

Total Outflows 116,806 
Notes: 
(1) Return flows are calculated as total production (10,039 AF) minus 
consumptive use (6,859 AF).  

 
Hydrographs showing historical groundwater levels within the TZ (Figure 3-13 of the Annual 
Report) indicate that groundwater levels have been stable for most of the wells since at least 
1993. This supports our assumption that average change in storage in the TZ historically has 
been nearly zero.  If a positive change in groundwater storage had occurred as suggested by 
Aquilogic, we would expect to see evidence of an increase in the groundwater elevations. 
 
Watermaster also understands the concern presented on behalf of GSWC regarding the declining 
water levels in the Centro subarea and the impacts to the GSWC operations and facilities.  
 
Watermaster is implementing groundwater modeling tools to improve the understanding of water 
supply, use and disposal for the Centro subarea.  Watermaster has developed a groundwater 
model for the Alto subarea and used model outputs to update PSY and FPA for the Alto subarea 
as described in the Watermaster memorandum.  Watermaster is in the process of extending the 
model to include Centro and the other subareas and future PSY and FPA updates will incorporate 
output from model results.   
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According to the aquilogic memorandum, average annual streamflow between the Lower 
Narrows and Wild Crossing gage was decreased by approximately 51,500 AFY (acre-feet per 
year) during WY 1966 to 1970. This would suggest that about 51,500 AFY is net recharge into 
the TZ via percolation.  However, the historic pumping during the 1960s was remarkably higher 
than present conditions (see Figure 1).  Historic production in the TZ, during the five years 
evaluated by Aquilogic is summarized in Table 2.  Average total pumping in the TZ during the 
1966-70 period was 27,885 AF. 
 

Table 2. Historical groundwater pumping in the Transition Zone during WY 1966-1970 

WY Total Pumping 
1966 30,208 
1967 30,138 
1968 31,893 
1969 25,727 
1970 21,460 

Average 1966-70 27,885 
 
Watermaster expects that losses from the surface water supply within the TZ correspond to 
pumping rather than recharge.  As noted on the Watermaster memorandum, we updated the 
hydrologic base period for purposes of establishing PSY for Alto and Centro; the average 
pumping in the TZ during the updated hydrologic base period (2001-2020) was 11,630 AF. Total 
verified production during 2023 was 10,039 AF.  Therefore, the average pumping of the base 
period and the pumping during 2023 were roughly 60% lower than the average total pumping 
during the 1966-70 period. 
 
A historic aerial imagery comparison between 1969 and 2022 is provided in Figure 2 (1969 
aerial imagery) and Figure 3 (2022).  The 1969 aerial imagery shows the extent of agricultural 
development along the Mojave River between the Helendale Fault and the Hodge gage, 
including the vicinity of the Wild Crossing gage (near Indian Trail).  The 1969 aerial imagery 
indicates the significant irrigation within the area of interest.  The 2022 aerial imagery evidences 
the change in land use with most irrigation areas being fallowed over time. The change in 
groundwater pumping since the 1960s has changed the behavior of the river relative to recharge 
within the TZ.  
 
Watermaster concludes that the decrease in annual stream flows during 1966-1970 between the 
Lower Narrows and the Wild Crossing gage was likely due to the high groundwater extractions 
downstream of the TZ rather than significant net stream recharge within the TZ.  
 
Total annual stream flow at the Mojave River at Barstow gage was 8,687 AF during WY 2023 
(as reported on the Annual Report).  The net stream change between the Hodge gage and the 
Barstow gage was 75,664 AF during WY 2023 (i.e., difference between 84,351 and 8,687 AF).  
The distance between the Hodge gage and the Barstow gage is nearly 12 miles.  Watermaster 
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estimates that groundwater recharge from surface supply between these gages was about 90% of 
the total flow at Hodge.  
 
 

 
Figure 2. Aerial imagery of the area of interest taken in 1969 with the 2022 background image. 
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Figure 3. Aerial imagery of the area of interest taken in 2022. 
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Attached to this memorandum is the excerpts from “Exhibit A, Area of Influence of the Mohave 
River and it’s 20 subareas” prepared by Edward Fitzgerald Dibble, Consulting Engineer (Dibble, 
1973) showing the total annual extractions as reported by the Mojave Water Agency. Section 8 
of the excerpts corresponds to the area between the Helendale Fault and Lenwood (Centro 
subarea). Total annual production for Section 8 during the years 1951 to 1973 is summarized in 
Table 3. 
 

Table 3. Total annual extractions within Section 8 for the years 1951-1973. 

Year Total Production Year Total Production 
1951 8,686 1963 8,344 
1952 9,002 1964 8,648 
1953 10,105 1965 7,458 
1954 10,547 1966 7,327 
1955 10,338 1967 8,638 
1956 11,600 1968 11,437 
1957 9,868 1969 7,873 
1958 10,108 1970 8,888 
1959 10,485 1971 7,408 
1960 12,911 1972 6,197 
1961 12,028 1973 5,389 
1962 11,983 Average 1951-73 9,359 

 
The output from the groundwater flow model by the USGS (Stamos, 2001) provides simulated 
streamflow at various locations of the Mojave River (see Figure 4).  The long-term flow average 
at Vista Road (at Helendale) is the approximate discharge from the TZ.  The 1951-1999 average 
of 35,819 AF is close to the total average surface flow to Centro subarea (37,205AF) for the 
1991-2023 period.1  Average annual surface outflow from Alto to Centro during 1936-61 was 
estimated to be 35,500 AF (California Department of Water Resources, 1967).  Thus, surface 
flows from the TZ into Centro subarea, as estimated at Helendale Fault have not changed 
significantly.  
 
Figure 5 shows the long-term average discharge at Lower Narrows (USGS gage) plus the 
discharge from VVWRA to be 49,028 AF for the period 1951 to 1990 (VVWRA data started in 
1986).  The recent long-term average of 1991 to 2023 was 48,899 AF.  Therefore, long-term 
inflow to the TZ has also been historically consistent.  
 

 
1 Calculated from the water balance at the TZ to be the average surface outflow (34,900 AF for 1991-2023) plus the 
average makeup purchases (2,305 AF for 1995-2023).  
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Figure 4. Simulated long-term average stream flows at the Mojave River from the USGS model. 
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Figure 5. Total stream flows at Lower Narrows + VVWRA  

 
In addition, the net change in simulated average stream flows between the reach of the Lower 
Narrows and the Vista Road (at Helendale) was 16,992 AF (difference between 52,811 and 
35,819 AF from Figure 4).  According to the historical groundwater production in the TZ shown 
on Figure 1, the average pumping during the period of 1951-1999 was 22,940 AF.  Irrigation 
return flows to the TZ are in the order of 50-percent of the pumping.2  Thus, we expect that 
average consumptive use from 1951-1999 to be about 11,470 AF.  The USGS study by Lines and 
Bilhorn reported that the consumptive use by riparian vegetation was estimated to be about 6,000 
AF along the TZ and this amount is representative of “normal” hydrologic conditions along the 
Mojave River (Lines & Bilhorn, 1996).  The net change in stream flows along the TZ (16,992 
AF) can be attributed to consumptive use by phreatophytes (6,000 AF) and consumptive use by 
pumping (11,470) rather than groundwater recharge from stream flows. 
 
  

 
2 From Hardt (1971) page 48, and Stamos (2001) page 32. 
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Requirements from the Judgment 
 
The Judgment states that Alto subarea producers have a surface and subsurface flow obligation 
to the Transition Zone consisting of 21,000 AF of surface base flow (excluding storm flow) and 
2,000 AF of subsurface flow.  The obligation is calculated annually and maintained by assessing 
the Alto producers a Make Up Obligation based on a calculation outlined in Exhibit G, of the 
Judgment and included in the Watermaster Annual Reports as Tables 4-2 and 4-3.  Exhibit G (e) 
provides “Alto Subarea Producers--an average Annual combined Subsurface Flow and Base 
Flow of 23,000 acre-feet per Year to the Transition Zone. For the purposes of Paragraph 6 of this 
Exhibit G, the Subsurface Flow component shall be deemed to be 2,000 acre-feet per Year.  In 
any Year Alto Subarea Producers shall have an obligation to provide to the Transition Zone a 
minimum combined Subsurface Flow and Base Flow….”   The Alto subarea obligation to the 
Transition Zone has been met every year. 
 
Closing 
 
Brownstein Hyatt Farber Schreck, LLP provided comments on behalf of Golden State Water 
Company suggesting that Watermaster assumption of the change in storage for the TZ is zero 
may be incorrect.  Brownstein included a technical analysis prepared by Aquilogic which 
concluded that Watermaster has overestimated the streamflow recharge into the Centro subarea 
because the Watermaster incorrectly assumed that all inflows into the TZ are equal to the inflows 
to the Centro subarea. 
 
In response to the comments provided by Brownstein, Watermaster evaluated the historical data 
to support our assumption that the average change in storage within the TZ has been nearly zero.  
Watermaster concludes that loss in stream flows observed along the TZ during the 1960s was 
attributed to consumptive uses in the TZ rather than groundwater recharge from stream flows. 
 
Measured water levels in the TZ (Figure 3-13 of the Annual Report) have been historically stable 
which supports the accuracy of Watermaster assumption of no change in storage in the TZ. 
The historic decline in pumping and the change in the land use in the TZ since the 1960s has 
contributed to the water level stability observed in the TZ.  The analysis of long-term historical 
data suggests that surface inflows (including VVWRA discharges) to the TZ and surface 
outflows from the TZ into Centro subarea have not changed significantly over time.   
 
Enclosures: 
 
Excerpts from “Exhibit A, Area of Influence of the Mohave River and it’s 20 subareas” prepared 
by Edward Fitzgerald Dibble, Consulting Engineer (1973). 
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Golden State Water Company Pumping Well Data Files  
 
Two Excel files containing data from 20 wells operated by Golden State Water Company within 
the Centro Subarea are here:  
 
https://bhfs.sharefile.com/share/view/sc4bbae97dcb44d288d59e7da82922368.   
 
One file (Mountain Desert Production Data v4 Barstow only.xlsx) contains pumping data 
collected from GSWC wells by staff between 1996 through June 2024.  The other file (Mountain 
Desert Water Levels v2 Barstow.xlsx) contains static and pumping water level data collected 
from GSWC wells by staff between 1996 through June 2024.   
 
 
Should you have any issues accessing these files, please contact Mack Carlson at 
mcarlson@bhfs.com or (805) 963-7000 for assistance.  
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PROOF OF SERVICE 

I am over the age of eighteen years and not a party to the within-entitled action.  I am  

employed in Santa Barbara County, California.  My business address is Brownstein Hyatt Farber 

Schreck, LLP, 1021 Anacapa Street, 2nd Floor, Santa Barbara, California 93101-2711.  My 

electronic service address is Meldridge@bhfs.com.  On September 5, 2024, I served a copy of the 

following document(s): 

GOLDEN STATE WATER COMPANY’S EVIDENCE IN SUPPORT  
OF MOTION TO ENFORCE JUDGMENT 

 

X 
BY E-MAIL OR ELECTRONIC TRANSMISSION:  I caused a copy of the 

document(s) listed above to be sent to the persons at the e-mail addresses listed 
below 

 
William J. Brunick, Esq. 
Leland P. McElhaney, Esq. 
Brunick, McElhaney & Kennedy, PLC 
P. O. Box 13130 
San Bernardino, CA  92423-3130 
Email:  bbrunick@bmklawplc.com 
lmcelhaney@bmklawplc.com 
 

Attorneys for Defendant/Cross-Complainant 
Mojave Water Agency 

Valerie Wiegenstein 
Jeffrey D. Ruesch 
Watermaster Services Managers 
Mojave Basin Area Watermaster 
Mojave Water Agency 
13846 Conference Center Drive 
Apple Valley, CA 92307 
Email: vwiegenstein@MojaveWater.org 
jruesch@mojavewater.org 
 

Mojave Basin Area Watermaster 

I declare under penalty of perjury under the laws of the State of California that the above 

is true and correct.  Executed on September 5, 2024, at Santa Barbara, California. 
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