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ABSTRACT 
We modeled the hydrology of basins draining into the northern portion of the San 
Francisco Bay Estuary (also known as North San Pablo Bay) using a regional water 
balance model (Basin Characterization Model; BCM) to estimate impacts of climate 
change at the watershed scale. The BCM calculates water balance components including 
runoff, recharge, evapotranspiration, soil moisture, and stream flow based on climate, 
topography, soils and underlying geology, and the solar-driven energy balance.  We 
downscaled historical and projected precipitation and air temperature values derived 
from weather stations and global General Circulation Models (GCMs) to a spatial scale 
of 270 m. We then used the BCM to estimate hydrologic response to climate change for 
four scenarios spanning this century (2000-2100). Historical climate patterns show that 
Marin’s coastal regions are typically on the order of 2 °C cooler and receive five percent 
more precipitation compared to the inland valleys of Sonoma and Napa due to marine 
influences and local topography. By the last 30 years of this century, the four scenarios 
analyzed here for the North Bay study area project average minimum temperatures to 
increase by  1.0 °C to 3.1 °C and average maximum temperatures to increase by 2.1 °C to 
3.4 °C  in comparison to conditions experienced over the last 30 years (1981-2010).  
Precipitation projections for the next century vary between GCMs (ranging from 2 to 
15% wetter than the 20th century average).  Across all scenarios, temperature forcing 
increases the variability of runoff, recharge, and stream discharge, and shifts hydrologic 
cycle timing.  For both drier and wetter scenarios, warming amplifies climatic water 
deficit (a measure of drought stress on soils) by 8-21% by the close of the next century.  
Hydrologic variability within a single river basin demonstrated at the scale of 
subwatersheds may prove an important consideration for water managers in the face of 
climate change. 
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INTRODUCTION 
Competently adapting to climate change requires watershed planning based on the best 
estimates science can provide of potential changes to local climate and the hydrologic 
cycle supporting our water resources other valuable ecosystem services.  Application of 
projected climate data to evaluate impacts at the watershed scale requires downscaling 
from the 2.5 degree (approximately 250 km) spatial scale of current General Circulation 
Model (GCM) outputs.  Downscaling entails the calculation of fine-scale information on 
the basis of coarser-scale information using various methods of statistical and spatial 
interpolation. New approaches to downscale GCM projections to finer spatial scales can 
reproduce empirically-validated results for air temperature and precipitation, providing 
the opportunity to apply physically-based models grounded in local watershed data to 
assess future climate impacts at meaningful hydrological and ecological scales (Flint and 
Flint 2011).  The purpose of downscaling to the watershed scale is to create planning 
scenarios that adequately capture local climate variability.  This variability may hold the 
key to helping managers identify zones of both watershed vulnerability and resilience in 
the face of climate change. 
 
Applying these results effectively requires understanding limits to localized estimates of 
potential climate change.  Watershed-scale climate and hydrology projections illustrate 
a range of planning scenarios capable of describing patterns and variability of historic 
climate data.  Models can estimate ranges of natural variability, project directions and 
magnitude of decade to century trends, and quantify model uncertainty.  Modeled 
scenarios are not intended to predict shorter term changes in weather, but instead 
project long-term climate trends based on a range of scenarios that provide realistic 
depictions of potential hydrology outcomes due to a warming climate.  For effective 
adaptive management, real-time field data collection of watershed indicators will be 
crucial to testing hypotheses illustrated here via future climate scenarios.  
 
SETTING 
San Francisco’s North Bay region (Figure 1) is a complex mosaic of land forms, 
vegetation types, land uses, and climate influences ranging from coastal to inland 
conditions (Weiss and others 2007).  The jurisdiction of the North Bay Watershed 
Association (NBWA), the core of our study area, is comprised of approximately 2,200 
km2 comprising 25% of the watershed area draining directly into the San Francisco Bay 
Estuary.  Nearly a half-million people live in the North Bay, less than 8% of the 
population of the entire Bay area (NBWA 2003).  At the southern limit of California’s 
North Coast Range, the region is tectonically active and typified by varied topography 
comprised of low mountain ranges framing north-south trending alluvial valleys.  The 
majority of watersheds examined here drain directly to the San Francisco Bay (except 
for coastal Marin County, which drains directly to the Pacific Ocean and lies outside of 
NBWA’s jurisdiction), and thus transition from rugged montane headwaters to 
depositional estuarine environments.  Ecologically the Bay Area is considered a global 
“hotspot” of biodiversity, as biological diversity exploits the myriad of habitat types 
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generated by the climatic and geomorphic diversity of the region (Loarie and Ackerly 
2004). 
 
The major basins defined for this study form a west to east transect across the North 
Bay and include; “Marin Coast” (coastal drainages ranging from the Marin Headlands to 
Point Reyes), “Marin Bay” (Marin drainages discharging to the Bay), Petaluma River 
watershed, Sonoma Creek watershed, and the Napa River watershed (Figure 1).  
Excluding the Marin Coast basin, the core of the study area is comprised of the 
geographic jurisdiction of the NBWA.  These major planning basins can be further 
divided into minor basins per watershed delineations generated by the Natural 
Resources Conservation Service’s California Interagency Watershed Mapping Committee 
(CalWater 1999, see Appendix A).  Marin is the most densely populated area and is 
geologically distinguished by impermeable bedrock basins and limited aquifer recharge.  
Petaluma, Sonoma, and Napa support both urban and agricultural development 
including rural residential communities that dwell at the urban-wildland interface.  
North Bay communities rely on a varied portfolio of water sources—imported water 
(generally from sources further north) conveyed via aqueduct, surface storage, and 
where applicable, groundwater basins, where there is an emerging emphasis on 
conjunctive use of surface-groundwater supplies.  Unlike the majority of California, 
snowmelt is not a significant component of the water cycle for the North Bay, although 
it may impact available imports. 
 
Historic climate data for the North Bay reveals high spatial and temporal variability 
which adds to uncertainties associated with climate projections.  In the context of global 
climate projections, the region is located in a transition zone between warmer and 
wetter winters projected for Oregon and Washington, and warmer and drier conditions 
projected for the south of California and Baja Mexico (Knowles and Cayan 2002; Cayan 
and others 2007, 2009). While average precipitation is therefore not consistently 
projected to shift towards a specifically wetter or drier climate, we selected GCM 
scenarios that project both more and ultimately less precipitation compared to historic 
conditions.  Study results thus illustrate how projected increases in air temperatures for 
North Bay watersheds may impact the hydrologic cycle, particularly the relative ratios of 
evapotranspiration, runoff, and recharge, for both “wetter” and “drier” future 
scenarios. 
 
METHODS 
Basin Characterization Model 
Watershed hydrology of North Bay drainages is the result of interactions between 
precipitation, surface water runoff, and infiltration (including direct recharge or 
groundwater interaction with streams, rivers and lakes).  Runoff, recharge, and changes 
in soil moisture conditions can be estimated using a simple monthly water balance 
approach. The Basin Characterization Model (BCM) is a physically-based model that 
calculates water balance fractions based on data inputs for topography, soil composition 
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and depth, underlying bedrock geology, and spatially-distributed values (measured or 
estimated) of air temperature and precipitation (Flint and Flint 2007a, 2007b).   
 
The BCM calculates monthly recharge and runoff using a deterministic water-balance 
approach based on the distribution of precipitation and the estimation of potential 
evapotranspiration (Flint and Flint 2007a, 2007b).  The BCM relies on a rigorous hourly 
energy balance calculation using topographic shading and applies available spatial maps 
of elevation, bedrock permeability estimated from geology, soil water storage from 
STATSGO or SSURGO soil databases (NRCS 2006), vegetation density, and the 
empirically-based Parameter-Elevation Regressions on Independent Slopes Model 
(PRISM) precipitation and air temperature database and maps (Daly and others 2004). 
The BCM can be used to identify locations and climatic conditions that generate excess 
water by quantifying the amount of water available either as runoff or as in-place 
recharge on a monthly basis.  
 
The BCM is calibrated regionally to measured potential evapotranspiration data and 
MODIS snow cover data (Flint and Flint 2007b, 2011).  Locally, the model is also 
calibrated to measured unimpaired streamflow data.  The determination of whether 
excess water becomes recharge or runoff is governed in part by the underlying bedrock 
permeability. The higher the bedrock permeability, the higher the recharge and the 
lower the runoff generated for a given grid cell. In small gaged basins that generate 
unimpaired flows, the bedrock permeability can be adjusted to calculate a total basin 
discharge that matches the measured basin discharge as shown in Figure 2. In the North 
Bay, eight stream gages shown in Figure 1 were used for model calibration. These gages 
are listed in Table 1 with their location description, USGS numerical identifier, and the 
ratio of measured data to modeled data for each period of record. 
 
Temperature and precipitation are two primary drivers of physical processes acting at 
the watershed scale.  BCM hydrologic variables sensitive to temperature include 
potential evapotranspiration (PET) and actual evapotranspiration (AET).  BCM variables 
sensitive to quantities of precipitation include runoff and recharge.  Climatic water 
deficit (CWD), defined in more detail below, combines the effects of precipitation inputs 
and temperature forcing by tracking soil moisture changes over time. 
 
Characterizing Historic Patterns of Climate Variability 
Historical values for monthly-averaged precipitation and air temperature are available in 
a gridded map format at a 4 km spatial scale from PRISM for the North Bay study area 
from 1896 through 2009 (Daly and others 2004).  Spatial downscaling was performed on 
the coarse resolution grids (4 km) to produce fine resolution grids (270 m) using a model 
developed by Nalder and Wein (1998) modified with a “nugget effect” specified as the 
length of the coarse resolution grid (Flint and Flint 2011). 
 
Our technique combines a spatial Gradient and Inverse Distance Squared (GIDS) 
weighting to monthly point data using multiple regressions calculated for every grid cell 
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for every month. Using the 4 km resolution digital elevation model in PRISM, parameter 
weighting is based on the location and elevation of the new fine resolution grid relative 
to existing coarse resolution grid cells (Flint and Flint 2011).  To illustrate fine-scale 
geographic patterns of historic climate change over the last century, we applied a 
regression to the downscaled PRISM data for annual averages for every 270 m grid cell 
to calculate the magnitude and direction of observed changes in precipitation and air 
temperature for decade time intervals over the last century (Table 2). 
 
Downscaling Future Climate Scenarios 
Global future climate scenarios created though the application of General Circulation 
Models (GCMs) and distributed by the Intergovernmental Panel on Climate Change 
(IPCC) estimate future spatial patterns of temperature and precipitation in response to 
greenhouse gas forcing.  GCMs are generally available for the continental US at 12 km 
spatial resolution (IPCC 2001, 2007).  A set of these projections have been downscaled 
to 12 km for the State of California and its environs by researchers at USGS and Scripps 
Institute of Oceanography using the constructed analogs method of Hidalgo and others 
(2008), and provide a basis for our further downscaling for model application. 
 
Our goal was to represent climate projections for California on the basis of global 
climate models that have proven capable of simulating  recent historical climate, 
particularly the distribution of monthly temperatures and the strong seasonal cycle of 
precipitation that exists in the region (Knowles and Cayan 2002; Cayan and others 2007, 
2009).  In addition, models were selected to represent a range of model sensitivity to 
greenhouse gas forcing.  On the basis of these criteria, two GCMs were selected, the 
Parallel Climate Model (PCM) developed by National Center for Atmospheric Research 
(NCAR) and Department of Energy (DOE) (see Washington and others 2000; Meehl and 
others 2003) and the National Oceanic and Atmospheric Administration (NOAA) 
Geophysical Fluid Dynamics Laboratory CM2.1 model (GFDL) (Stouffer and others 2006; 
Delworth and others 2006).  The choice of greenhouse gas emissions scenarios included 
A2 (medium-high—essentially “business as usual”) and B1 (low-essentially a “mitigated 
emissions” scenario), was guided by considerations presented by the IPCC (Nakic’enovic’ 
and others 2000).  Thus we developed a range of hydrology estimates based on four 
specific scenarios; two models each representing two emissions scenarios.  We refer to 
these scenarios as “GFDL A2,” “GFDL B1,” “PCM A2,” “PCM A1.”  For reasons described 
in detail below, we generalize GFDL scenarios as “warmer drier” and PCM scenarios as 
“warmer wetter.” 
 
These four scenarios were downscaled from the 12 km grid scale to the historical PRISM 
data scale of 4 km for the purpose of bias correction. To make the correction possible 
the GCM is run for a historical forcing function to establish a baseline for modeling to 
match current climate.  The baseline period for this study is defined as the PCM and 
GFDL model runs for 1950-2000 when climate change forcings are assumed absent from 
the model, representing current (pre-2000) atmospheric greenhouse gas conditions.  
This baseline period was then adjusted using the PRISM data from 1950-2000, for each 
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month and for each grid cell.  Our approach to bias correction is a simple scaling of the 
mean and standard deviation of the projections to match those of the PRISM data 
following Bouwer and others (2004) and described in detail in Flint and Flint (2011). 
Once the bias correction is complete, the 4 km projections are further downscaled to 
270 m spatial resolution using the GIDS spatial interpolation approach for model 
application. 
 
Climatic Water Deficit 
The term climatic water deficit defined by Stephenson (1998; Figure 3) is quantified as 
the amount of water by which potential evapotranspiration (PET) exceeds actual 
evapotranspiration (AET).  This term effectively integrates the combined effects of solar 
radiation, evapotranspiration, and air temperature on watershed conditions given 
available soil moisture derived from precipitation.  Climatic water deficit can be thought 
of as the amount of additional water that would have evaporated or transpired had it 
been present in the soils given the temperature forcing.  This calculation is an estimate 
of drought stress on soils and plants and recent studies suggest it may serve as an 
effective control on vegetation cover types in the Bay Area (Cornwell 2010).  In a 
Mediterranean climate, climatic water deficit can also be thought of as a surrogate for 
water demand based on irrigation needs, and changes in climatic water deficit 
effectively quantify the supplemental amount of water needed to maintain current 
vegetation cover, whether natural vegetation or agricultural crops. 
 
BCM Data Analysis 
The BCM estimates 16 hydrologic parameters at monthly time intervals for 
approximately two centuries over a set of grid points spaced 270 m apart.  For the North 
Bay study area (approximately 2,820 km2, NBWA jurisdiction plus Marin Coast major 
basin, Figure 1), this amounts to a data set comprised of approximately 38,680 monthly 
parameters spanning historic (1896-2000) and projected (2000-2100) time periods for 
four scenarios.  Data was aggregated at the scales of CalWater minor basins, major 
planning basins, and the region as a whole (Appendix A).  In analyzing and visually 
representing the data, average annual values were calculated for decades and 30-year 
time intervals to document long-term trends rather than displaying the details of 
variable inter-annual conditions.  Maps of spatial distributions of parameters were made 
using sub-basins as the smallest unit of analysis, rather than displaying values at the 
scale of the 270 m grid (Figure 4A-F). 
 
RESULTS 
Historic Climate Variability 
Analysis of historic PRISM data demonstrates that climate change in the North Bay is 
well underway yet patterns of change are highly variable spatially.  Table 2 provides a 
summary of historical monthly values for key parameters averaged over decadal 
intervals.  Average maximum temperatures have increased from 20.3 °C (1901-1910) to 
21.7 °C (1991-2000), amounting to a net increase of 1.4 °C and an average rate of 
change of 0.014 °C y-1.  During this historical period there has also been a trend towards 
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increasing precipitation: for the first half of the century (1900 to 1950) annual 
precipitation averaged 752 mm y-1  versus an average of 845 mm y-1  (1951 to 2010)  
(12% greater) for the latter half of the century.  
 
Mapped trends in precipitation and air temperature over the historical record for this 
area reveal the spatial variability underlying average regional values. Figure 4A shows 
the spatial distribution of average values for monthly precipitation, monthly maximum 
air temperature (Tmax), and monthly minimum air temperature (Tmin) for 1971-2000.  
High spatial variability is a product of coastal marine influences combined with variable 
topographic relief, which in turn creates topographic shading effects, cold air drainage, 
variation in adiabatic lapses in air temperature, and other controls on fine-scale climate. 
 
Figure 4B displays the significant spatial variability in patterns of total change in climate 
over the same time period.  Patterns of change show how localized areas of increases 
and decreases in precipitation and temperature are not uniform over the study area, 
variability which informs the interpretation of future projections.  Trends in air 
temperature have been mostly warming, particularly over valley bottoms, while some 
zones of montane headwaters have experienced a cooling trend.  The rate of change in 
minimum temperatures exceeds that for maximum temperatures, pointing to a recent 
trend in warmer nighttime and winter temperatures.  The spatial distribution of change 
in climate is variable over the area with some locations changing more than others, 
suggesting that topographic features are influencing local climates in a manner to be 
taken into account in projecting future climates. 
 
Regional Temperature and Precipitation Scenarios Derived from GCMs 
By combining historic data derived from PRISM with projected temperature and 
precipitation values for four future scenarios we can compare model outputs with both 
the historic record and each other.  Figure 5A-B displays comparable amounts of 
predicted warming for the GFDL and PCM models for both emissions scenarios but 
distinctly different precipitation signatures between GFDL and PCM models.  The PCM 
model projects a significantly “wetter” future scenario than historic conditions or GFDL 
projections.   
 
There is an insignificant separation between the GFDL and PCM models in average 
maximum temperatures projected by the century’s close (2091-2100) for both the A2 
(25.1 °C and 24.8 °C, respectively, with a resultant average of 25.0 °C for A2 scenarios) 
and the B1 (23.9 °C, both models) (Figure 5A).  For the B1 scenarios this represents a 
rate of change of approximately 0.021 °C y-1 (1.5 times the 20thcentury rate of change) 
and for the A2 scenarios this results in a rate of change of approximately 0.032 °C y-1 
(2.3 times the 20thcentury rate of change).  While there is some variation in slope, the 
total change over time is relatively steady.  This series demonstrates a close alignment 
between the GFDL A2 and PCM A2 scenarios and between the GFDL B1 and PCM B1 
scenarios in terms of temperature projections despite variations between decades.   
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Figure 5B shows that projected precipitation is highly variable in terms of projected 
long-term trends.  In contrast to temperature projections, model algorithm (GFDL versus 
PCM) is more important than emissions scenarios in driving projected precipitation.  
Compared to the 20th century average of 799 ± 280 mm y-1 (1901-2000), the average 
precipitation for the two GFDL scenarios (2001-2100) is 819 mm y-1 (2% greater than 
20th century) while the average precipitation for the two PCM scenarios (2001-2100) is 
918 mm y-1 (15% greater than 20th century).  While century-scale averages remain in the 
range of historic variability, values projected for individual decades display 
unprecedented wet and dry periods.  The B1 scenarios for both models project 
unprecedented peaks in the first half of the century (GFDL B1 projects 1,088 ± 179 mm 
y-1 for 2011-2020, PCM B1 projects 1,192 ± 181 mm y-1 for 2021-2030).  By the next 
century’s close, the GFDL and PCM models diverge, with the greatest contrast in 2081-
2090 when the GFDL A2 projects an unprecedented drought averaging only 569 ± 80 
mm y-1 while for the same period the PCM A2 projects 1,067 ± 188 mm y-1.  
 
By the century's close, the four scenarios may be distinguished by emissions scenarios 
defining two different temperature futures (A2 and B1, as listed above) and a range of 
potential precipitation projections depending on whether the GFDL or the PCM model is 
applied.  By the 2091-2100 time interval, the wetter-warmer PCM model for the A2 and 
B1 scenarios is characterized by an average precipitation value of 910 ± 115 mm y-1 (14% 
more than the 20th century average) versus a warmer-drier GFDL model average for the 
A2 and B1 scenarios of 725 ± 79 mm y-1 (9% less than the 20th century average).   This is 
the basis for terming GFDL projections “warmer drier” versus PCM projections as 
“warmer wetter” in proceeding sections. 
 
Basin Characterization Model Results: Future Hydrology Scenarios  
Figure 6A-N displays time series data (with average values based on monthly values) for 
the GFDL A2 and PCM A2 scenarios for the last and current centuries in 30-year intervals 
(the exception is the 1896-1910 interval which represents only 25 years).  Plots thus 
combine historic data for the last century with projected data for the next starting in 
1896 and closing in 2100.  These results are summarized in Table 3, which also displays 
values for B1 emissions scenarios not shown in Figure 6A-N.  Values displayed from 1896 
to 2000 are derived from PRISM, while values from 2000 to 2100 are a combination of 
GCM outputs for temperature and precipitation (summarized above) and modeled BCM 
outputs for hydrologic variables. The left sides of Figure 6A-N display annual data 
distributions for 30 year intervals including box plots scaled vertically to the standard 
deviation and with "whiskers" scaled to the 5 to 95% confidence interval.  The right side 
of the data plots show the frequency distribution of annual values compiled for each 30-
year time interval.  
 
Trends in runoff and recharge  
Under both projected scenarios (GFDL A2 and PCM A2) histograms of annual 
precipitation values shown in Figure 6E-F show a wide distribution relative to historic 
conditions, with unprecedented annual extremes (represented by maxima in excess of 
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2,000 mm y-1) and a concentration of the remainder of events in the lower range of the 
historic record.  This indicates a shift away from the historic distribution where the 
centroid of the distribution is concentrated around the mean of record, with a 
dominance of relatively moderate annual average precipitation values (approximately 
800 ± 250 mm y-1).   The response of hydrologic variables including runoff and recharge 
is highly sensitive to variation in precipitation over time and between scenarios.  The 
diversity of estimated precipitation regimes across the suite of four scenarios shown in 
Figure 7 implies that a broad range of possible combinations of temperature and 
precipitation are modeled in the course of this study. The trend of spreading the width 
of distributions towards formerly rare or even unprecedented precipitation extremes 
drives variability in runoff and recharge for all scenarios. 
 
Distributions of average annual values for runoff (Figure 6G-H) for both scenarios mirror 
the increasing spread of precipitation values, indicating more extreme events at both 
ends of a range that includes unprecedented extreme wet values for average annual 
runoff compared to a 20th century average of 227 ± 154 mm y-1 (1901-2000).  For the 
GFDL A2 scenario, by this century’s close (2071-2100) estimated annual average runoff 
is 187 ± 27 mm y-1 (18% lower than the 20th century average).  For the PCM A2 scenario, 
by this century’s close (2071 to 2100) average annual runoff is estimated at 313 ± 50 
mm y-1 (38% higher than the 20th century average).   
 
For recharge, Figure 6I-J shows that both models project increases in the first half of the 
next century in response to increased precipitation.  However, the full distribution of 
average annual values trends towards more frequent occurrences of low recharge years 
with infrequent high recharge years.  Paralleling runoff, this distribution includes more 
extreme annual events compared to the more consistent pattern of annual values 
concentrated around the mean of record observed in historic time steps. For the GFDL 
A2 scenario, by this century’s close (2071 to 2100) estimated average annual recharge is 
89 ± 10 mm y-1 (6% lower than the 20th century average).  For the PCM A2 scenario, by 
this century’s close (2071 to 2100) average estimated recharge is 131 ± 17 mm y-1 (39% 
higher than the 20th century average). 
 
Trends in evapotranspiration 
Figure 6A-B shows an increasing trend in temperature of approximately 0.03°C y-1 

(between the 1981-2010 and 2071-2100 time intervals), which in turn drives increases 
in estimated potential evapotranspiration (PET) shown in Figure 6K-L. While the 20th 
century rate of change for PET was approximately 0.22 mm y-1, the A2 scenarios project 
PET to increase at a rate of approximately 0.56 to 0.74 mm y-1.  The net effect of the 
accelerated rate of change in PET due to temperature forcing is that by next century's 
close (2071 to 2100), average PET is projected to range from 1,268 mm y-1 (PCM A2) to 
1,286 mm y-1 (GFDL A2). The entire span of annual values projected for 2071 to 2100 
exceed the distribution of annual values for the first historic time interval (1896 to 
1920).  This amounts to an increase on the order of 7-8% (compared to the 20th century 
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average) in average annual PET (approximately 100 mm of water or 13% of 20th century 
average annual precipitation) for both drier and wetter scenarios. 
 
Trends in climatic water deficit 
Climatic water deficit (CWD) is projected to increase over this century a rate ranging 
from 0.25 to 1.5 mm y-1 depending on whether a wetter or drier scenario is used (PCM 
B1 and GFDL A2, respectively).  For the PCM A2 scenario, by this century’s close (2071 to 
2100) average estimated CWD is 758 ± 20 mm y-1 (8% higher than the 20th century 
average).  For the GFDL A2 scenario, by this century’s close (2071 to 2100) average 
estimated CWD is 855 ± 19 mm y-1 (21% higher than the 20th century average).  Thus 
while the wetter scenario projects a 15% increase in precipitation and runoff compared 
to historical (20th century) conditions, this additional water does not offset drought 
stress to soils, and as a result there is still a soil drying trend on the order of 50% the 
effect estimated for the lower precipitation scenario.  
 
Trends in water balance partitioning 
Figure 8 shows partitioning of the water balance over time.  Visually subtle variations 
shown here have significant impacts in terms of determining whether watersheds 
experience drought versus adequate water supply, underscoring that small tradeoffs (5-
10%) between water balance terms can have big impacts in terms of watershed 
condition.  For an average decade shown here, the sum of plotted terms is 797 mm 
(equivalent to precipitation plus change in soil storage, with soil storage typically on the 
order of 1-3% of the water balance), with approximately 59% in actual 
evapotranspiration (AET), 12% in recharge, and 28% in runoff.  Note that for the wettest 
decade shown here, the sum of plotted terms is 940 mm, with approximately 57% in 
AET, 14% in recharge, and 29% in runoff, which are relatively close to the average 
values.  By contrast, for the driest decade on record, the sum of the plotted terms is 575 
mm, with approximately 69% in AET, 10% in recharge, and 21% in runoff.  Thus as 
conditions trend toward those typified by the driest decade predicted here, a larger 
fraction of the total water available is “lost” to evapotranspiration, leaving 
approximately 10% less water (on the order of 60-90 mm water per year) available for 
recharge and runoff. 
 
Projected Spatial Distribution of Runoff, Recharge, and Climatic Water Deficit  
The sequence of maps shown in Figure 9A-F depicts the percentage change in runoff, 
recharge, and climatic water deficit calculated between the average of 1971-2000 and 
the average of 2071-2100 for the GFDL and PCM models for the A2 scenario. 
Represented average values are plotted at the scale of minor basins.  The resilience of 
individual minor basins to future changes in climate is a function of interactions 
between topography, solar orientation, soils, and geology.  These maps illustrate the 
relative vulnerability and resilience of the various minor basins to future changes in 
climate by the relative changes over the 100-yr period.  The most notable difference 
among the maps is between models, with the PCM model projecting less drought stress 
than the GFDL model. Spatial trends reflect the moderating effect of coastal marine 
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climates, with lower changes in the future for all variables, especially the climatic water 
deficit, for basins located nearer to the coast.  Minor basins characterized by thick 
alluvium over valley bottoms provide both the opportunity for greatest recharge and 
risk of greatest climatic water deficit.  An understanding of the variability between 
minor basins can help to characterize hydrologic response at a scale useful for 
management. 
 
Projected Climate Change Impacts on Stream Flow and Basin Recharge 
Stream flow and estimated basin recharge integrates many responses of the basin to 
variation in climate. Evaluating patterns of basin discharge or stream flow over time at 
the scale of a three-year running average helps to discern potential future frequencies 
of both wet periods and drought.  These analyses can be conducted at the scales of the 
region as a whole, for a river (major) basin at a gauged location, or for a minor basin 
(sub-watershed).  In this section we demonstrate analyses that can be conducted using 
study results at all three scales. 
 
BCM simulations enable viewing stream discharge data as a time series.  We chose to 
display discharge as a three-year running average to be consistent with what water 
agencies typically use to evaluate potential drought conditions (with a drought typically 
considered to be comprised of three contiguous dry years).  Figure 10A displays impacts 
on runoff available for stream flow at the scale of the entire region and Figure 10B 
represents historic and projected stream flow for the Napa River at the Saint Helena 
gage in terms of three-year running averages. 
 
Figure 10A shows that for the region as a whole, annual amounts of runoff available as 
stream discharge averaged 452 x 106 m3 during the 20th century.  For this century, the 
GFDL A2 scenario estimates an average of 445 x 106 m3 runoff available for streamflow 
(2% less than the 20th century average), while the PCM A2 estimates 539 x 106 m3 runoff 
available for streamflow (19% more than the 20th century average) based on mean 
three-year running average values.  
 
Figure 10B shows that for the Napa River at Saint Helena the historic record (1940-2007) 
displayed a mean three-year running average value of 10.4 x 106 m3.  The GFDL A2 
scenario averaged 10.1 x 106 m3 while PCM A2 scenario averaged 13.7 x 106 m3.  The 
PCM A2 series includes 8 three-year average values that exceed the maximum three-
year average value of the historic record (19.2 x 106 m3). The GFDL A2 series includes 3 
three-year average values that exceed the maximum three-year average of the historic 
record, and one three-year average value that is less than the minimum three-year 
average of the historic record (3.4 x 106 m3).  In terms of underlying annual values for 
stream discharge, the GFDL A2 scenario displays that for 15 out of 90 years flows would 
be below the previous annual minimum of record. 
 

River managers and engineers typically rely on frequency plots of cumulative discharge 
for sizing hydraulic structures and stream channel restorations.  Figure 11 shows the 
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cumulative probability of annual stream discharge for the Napa River at Saint Helena 
with a historic frequency curve (1971-2000) compared to estimated values under the 
GFDL A2 and PCM A2 scenarios (2071-2100).  This plot shows that future scenarios 
project shifts in the negative direction under GFDL A2 and shifts in the positive direction 
for PCM A2.  For example, if one examines values estimated for a return frequency of 
0.5, which estimates the average discharge of the system, the historic value is 93.7 x 106 
m3 versus a projected value of 65.3 x 106 m3 for the GFDL A2 scenario and a projected 
value of 110.2 x 106 m3 for the PCM A2 scenario.  
 
Frequency plots can also be created using three-year average discharge and recharge 
values to show managers potential shifts in discharge frequencies for minor planning 
basins.  Figure 12 shows vertical histograms that compare runoff available for stream 
discharge and estimated basin recharge for the minor basin of the Napa River known as 
Milliken Creek.  This plot shows that while in 1971 to 2000, available runoff exceeded 
1000 x 103 m3 57% of the time.  Under the GFDL A2 scenario for 2071-2100, this 
threshold would be exceeded only 23% of the time.  In terms of basin recharge, while 
for the historic period (1971-2000) basin recharge exceeded 500 x 103 m3 74% of the 
time, under the GFDL A2 scenario for 2071-2100, this threshold would be exceeded only 
36% of the time.   

 
Projected Climate Change Impacts on Timing of Water Availability 
The BCM generates monthly estimates for all hydrologic parameters, which facilitates 
an examination of the potential impacts of climate change on hydrologic seasonality.  
Figure 13A-D compares average values by month for precipitation, runoff, recharge, and 
potential evapotranspiration for recent conditions (1981-2010) and projected conditions 
under GFDL A2 and PCM A2 (2071-2100).  Both projected scenarios display significant 
reductions in early wet season rainfall, and while PCM A2 projects significantly higher 
rainfall in January, February and March, it joins the GFDL A2 scenario in projecting drier 
conditions in April, May and June than for the recent time period (Figure 13A).  This 
pattern is reiterated in seasonal patterns of runoff and recharge (Figure 13B-C).  Figure 
13D shows that both future scenarios show increased potential evapotranspiration 
during the months of May through September, which is likely to increase water demand 
regardless of variations in rainfall during antecedent winter months. 
 
Comparative Analysis of Major North Bay Basins 
Figure 14A-N plots values calculated for the five major basins of the North Bay for all 
variables analyzed using the BCM for the historic (1896-2009) and projected (2010-
2100) time periods.  These plots show an approximate 0.5 to 1.0 °C separation between 
each major basin and the set of Sonoma and Napa (which are highly similar), in terms of 
maximum temperatures (Figure 14A-B).  For minimum temperatures, Marin Bay 
emerges as consistently on the order of 1.0 °C warmer than the remainder of basins 
characterized by more significant inland valleys, a set which shows less than 0.25 °C 
separation among each other during the historical period, and displays a trend towards 
becoming even more convergent by the century’s close (Figure 14C-D).  Plots for 
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precipitation (Figure 14E-F) display the spatial variability between basins and significant 
differences between the PCM and GFDL model in terms of estimated rainfall by the 
century’s close: for 2071-2100 time period, the GFDL A2 scenario precipitation 
estimates range from 619 mm y-1 for the Petaluma River basin to 790 mm y-1 for the 
Marin Coast, while under the PCM A2 scenario ranges from  836 mm y-1 for the 
Petaluma River basin to 1,023 mm y-1 for the Marin Coast. 
 
Plots of estimated runoff (Figure 14G-H) and recharge (Figure 14I-J) reflect varying 
amounts of projected precipitation between scenarios and over time, but also show the 
impact of specific major basin characteristics.  Particularly given climate change 
projections, the capacity of deep alluvium deposits in basins with significant valley 
formations provide the opportunity for significant recharge gains (at the expense of 
runoff), especially in Napa and Sonoma, under high precipitation scenarios (Figure 14J).  
Lacking subsurface storage capacity, the Marin Coast and Bay basins show a tendency 
towards converting increased precipitation directly to runoff (Figure 14 I-J). 
 
Under both scenarios, regardless of variations in precipitation, potential 
evapotranspiration and climatic water deficit are projected to steadily climb through 
time for all basins (Figure 14K-N).  Climatic water deficit shows a steeper rate of change 
than potential evapotranspiration for the GFDL A2 scenario (Figure 14M).  Higher 
quantities of excess rainfall mitigate this effect for the PCM A2 scenario (Figure 14N).  
Napa and Sonoma, with the largest areas of inland valleys prone to warming, display on 
the order of 50 mm y-1 greater climatic water deficit than the Marin Coast (Figure 14M-
N). 
   
Conclusions 

o The North Bay has already experienced a significant warming trend over the last 
century with monthly maximum temperatures having increased approximately 
1.4 °C between 1901 and 2000. 

 
o The spatial distribution of climate change to date is variable, with a trend 

towards warming of valley bottoms and in some cases cooling of montane areas.  
Coastal influences in general mitigate the warming trend, such that affects are 
more pronounced with increasing distance from the Pacific Coast or the Bay. 

 
o There is more uncertainty in projected precipitation trends than in projected 

temperature trends.  The two climate models analyzed in this study represent 
the implications of future precipitation remaining comparable to today’s versus a 
wetter future (approximately 20% more precipitation) in the context of a 
warmer climate. 

 
o Historic patterns of precipitation are highly variable, and given the effects of 

temperature forcing on coupled climate-hydrologic processes, temporal and 
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spatial variability of precipitation, runoff, recharge, and stream discharge is likely 
to increase. 

 
o Hydrologic models predict reduced early and late wet season runoff for the next 

century, resulting in a potentially extended dry season, for both wetter and drier 
future climate scenarios.  Scenarios that estimate increased precipitation project 
that precipitation to be concentrated in midwinter months, a trend which could 
increase risk of floods. 

 
o Evapotranspiration and associated climatic water deficit is projected to steadily 

increase in both the wetter and drier future scenarios, with values for the 2071-
2100 period projected to be 5 to 20 % higher than the 1981-2010 period, which 
translates to approximately 40 to 150 mm additional water needed on average 
to maintain current soil moisture conditions.  Summers are projected to be 
longer and drier in the future than in the past regardless of precipitation trends. 

 
o While water supply may be subject to increased variability (e.g. reduced 

reliability) due to higher variability in precipitation, water demand is likely to 
steadily increase due to increased rates of evapotranspiration and climatic water 
deficit during extended summers. 

 
o Extended dry season conditions and the potential for extended drought 

combined with unprecedented precipitation events may serve as additional 
stressors on water quality and habitat. 

 
o Real-time monitoring of hydrological variables, as laid out in the NBWA 

Watershed Indicators report (Ridolfi and others 2010) and related efforts, will be 
central to testing hypotheses about potential climate change demonstrated in 
this report and equipping managers to respond to climate adaptation challenges 
in a timely fashion. 

 
Discussion: Applications to Management 
For adaptive resource management, it is central to develop scenarios using models 
capable of accurately representing historical regional climate and hydrology. Physically-
based watershed models and finely downscaled climate projections can effectively 
represent environmental processes at local scales and can be used to generate planning 
scenarios that incorporate climate impacts on the water cycle.  Assessing impacts to the 
hydrologic cycle will be central to effective water resource planning.  These models 
benefit from using empirical topography, soils, and geologic data at the finest spatial 
and temporal resolution available.  Managers should not rely on these projections for 
specific short term weather predictions, but rather for identification of potential long-
term underlying trends operating at the decadal to century scales. 
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While general circulation models (GCMs) converge on consistent temperature 
projections for the region given a range of emissions scenarios, they do not provide 
consistent projections regarding future precipitation.  The discrepancy between the 
models is due to assumptions regarding long-term climate cycles over the Pacific Ocean 
and the relative arbitrariness of assigning a particular time value to start or end such a 
cycle in the process of modeling.  Thus it is important for watershed managers to 
consider a range of future precipitation scenarios and impacts on runoff, recharge, and 
climatic water deficit.  Arguably, the higher the projected rate of climate change for a 
sub-basin, the more vulnerable resources may be in terms of the adaptation challenge.  
 
It is worth noting, according to Cayan and others (2008), that a 10–20% change in 
annual precipitation is not a minor gain or loss.  In the historical record, a 15% loss in 
precipitation is sufficient to cast a year into the lowest third of the annual totals, and, 
since runoff is a non-linear outcome of precipitation, lessening the supply can in many 
cases drive runoff disproportionately lower. 
 
Recharge is less sensitive to variability in precipitation than runoff.  The impact of 
variable precipitation on rates of recharge appear dampened during dry periods and 
exaggerated during wet periods, an effect that can be demonstrated using average 
values for the 2071-2100 time interval relative to historic means.  In the drier GFDL A2 
scenario for this century, given an 11% reduction in precipitation, runoff is reduced by 
13%, while recharge is reduced by only 2%.  Conversely, for the PCM A2 model, given a 
20% increase in precipitation, runoff is also up by 20%, while recharge is up by 43%.  
This suggests that during dry years recharge will not suffer as proportionately significant 
a reduction as runoff, while in wet years there will be a greater benefit in terms of 
recharge relative to runoff.  These results point to the value of sound groundwater 
management as a climate adaptation strategy. 
 
By focusing on the relationship between soil moisture storage and evapotranspiration 
pressures, climatic water deficit (CWD) integrates the effects of increasing temperature 
and variable precipitation on watershed conditions.  Our analysis shows under both 
higher and lower precipitation scenarios for the region, climatic water deficit is 
projected to increase no matter what, implying greater water demand if maintaining 
current land cover is a management objective.  Our results also show significant 
differences between major basins in terms of this impact. 
 
In terms of raising awareness regarding the potential impact of climate change on our 
day-to-day activities, translating climate variability we anticipate over time into terms 
that people understand based on today’s spatial variability may prove an effective 
approach.  For example, a 2 °C difference in average maximum temperatures today 
creates the differences we experience between the climate of the coast of Marin and 
the climate of Napa Valley.  Such analogies may help to communicate the scope of 
change that may occur in all of our major basins by mid-century if we stick to “business 
as usual” greenhouse gas emissions. 
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Results provided here may be adapted by managers to interface with water supply and 
to some extent flood management scenarios.  The ability to query data down to the 
scale of sub-basins enables the examination of potential impacts to a specific reservoir 
or flood management zone.  Watershed managers should benefit from an improved 
understanding the variability of climate resilience or vulnerability within a major 
planning basin when evaluating site-specific project alternatives.  
 
To improve water supply and flood vulnerability assessments, we recommend that 
managers consider further downscaling these tools to daily time intervals (a project 
currently underway by the USGS for the Russian River basin) to generate statistically 
meaningful estimates of recurrence probabilities for extremes including drought and 
floods that are contingent on daily hydrologic variations. 
 
These climate projections underscore the importance of implementing long-term 
watershed monitoring programs to evaluate hydrologic parameters in “real time” as we 
move forward into an uncertain future (Ridolfi and others 2010).  Empirical 
measurements of watershed response to variations in climate combined with applied 
management strategies will be crucial to effective adaptive watershed management in 
the decades to come. 
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