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Abstract

As a biodiverse region under a Mediterranean climate with a mix of highly developed and
natural watersheds, coastal Santa Barbara County (SB), located in southern California, is
susceptible to the hydrologic impacts of climate change. This study investigates the
potential changes in hydro-meteorological variables in this region as well as their societal
and ecological implications for projected climate conditions during the twenty-first cen-
tury. Daily streamflow ensembles from 135 coastal watersheds for the period 2021-2100
are developed using the Hillslope River Routing (HRR) model forced with downscaled
precipitation and temperature projections derived from 10 climate models in the Coupled
Model Inter-Comparison Project, Phase 5, and two emission scenarios (Representative
Concentration Pathways, RCP, 4.5 and 8.5). Analysis of the projected ensemble precipi-
tation and streamflow series relative to historical conditions (1961-2000) shows (i)
minimal change in annual precipitation (median change within £3%); (ii) an altered
seasonal rainfall distribution with a decrease in rainfall at the beginning of the rainy
season (Oct—Dec), an increase during the Jan—Mar period, and a decrease at the end of
the season (Apr—Jun); (iii) increases in the magnitude and frequency of large storms (>
36 mm/day) which combined with a shorter rainy season, lead to increases in annual peak
flows; and (iv) the propagation of the altered precipitation characteristics resulting in nonlinear
changes in the magnitude and variability of annual maximum discharges (i.e., mean, standard
deviation, skew) impacting estimated return period discharges (e.g., estimated 100-year flood
discharges for the period 2061-2100 under 8.5 increase by up to 185%). While these results are
specific to southern coastal California, the nature of nonlinear hydrologic response to altered
precipitation characteristics underscores the value of regional studies investigating potential
impacts of climate projections on streamflow dynamics.
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1 Introduction

Civil infrastructure, such as stormwater drainage systems and flood control structures, plays a
major role in maintaining the functionality of modern society by (i) reducing and safely
conveying runoff from agricultural and urban areas to receiving water bodies or treatment
plants, (ii) protecting people, property, and associated infrastructure from riverine flooding,
and (iii) avoiding or mitigating adverse impacts of urbanization on downstream water systems.
The design and management of this infrastructure are dependent on our understanding of local
rainfall-runoff behavior. Generally, minor urban drainage systems (e.g., road swales, curb
gutters and catch basins) are designed to transport or mitigate peak runoff magnitudes for
events with return periods of 2—5 years; while major flood control facilities (e.g., bridges,
dams, reservoirs, and water diversions) are designed for managing storm events with return
periods ranging from 50 to 100 or more years (Rosenberg et al. 2010). These design discharges
are estimated by applying empirical formulas or statistical analyses based on historical
synoptic and hydrologic records as well as the hydrologic characteristics of the target
catchments. The underlying assumption of these off-the-shelf methods is the stationarity of
hydro-meteorological processes which is often not valid when climate changes (Beighley and
Moglen 2002; Beighley and Moglen 2003; Milly et al. 2008; Brown 2010). If a changing
climate alters precipitation magnitudes and frequencies, the flood discharge regime will also be
altered (Olsson et al. 2009; Ray et al. 2016; Hossain et al. 2015; Tamaddun et al. 2016). If the
resulting changes lead to increased flood magnitudes, there will be an increased risk of failure
or insufficient capacity for existing stormwater facilities to adequately convey runoff (Thakali
et al. 2016). O’Neill (2010) suggests that the flood control systems designed during 1950—
1970 are generally undersized for today’s conditions as a result of climate change. For
example, a structure designed for the 100-year discharge in 1950-1970 may only convey
the discharge resulting from a 60- to 80-year event today.

In addition to the impacts on infrastructure, climate change can also impact the coastal
ecosystem. The terrestrial export of water into the coastal zone (i.e., estuaries and other coastal
marine environments) can be an important source of nutrients and sediments (Brzezinski et al.
2013). The Santa Barbara Channel, located offshore of SB, provides excellent habitats for giant
kelp forests and associated diverse ecosystems. Winter storms and the resulting runoff are sources
of sediments and nutrients to these coastal ecosystems, making these ecosystems susceptible to
variability in hydro-meteorological conditions (Beighley et al. 2003; Beighley et al. 2008;
Goodridge and Melack 2012; Warrick et al. 2015). For example, the projected increase in the
frequency of extreme storms may lead to significant decreases in foundational species and thus
reduce the diversity and complexity of kelp forest food webs (Byrnes et al. 2011). Therefore,
investigating how future climate conditions influence terrestrial export is essential for under-
standing coastal ecosystems and enabling climate adaptation planning (Myers et al. 2017).

Climate and associated hydrologic conditions in the southwestern US have changed over
the twentieth century. A temperature increase diminished mountain snowpack and an earlier
onset of snowmelt have been identified (Barnett et al. 2008; Bonfils et al. 2008; Pierce et al.
2008; Hidalgo et al. 2009; Mishra and Lettenmaier 2011; Hoerling et al. 2013; Mote et al.
2018). Based on Mishra and Lettenmaier (2011), the frequency and magnitude of extreme
precipitation events in southwestern US have decreased during the past century. Comparing
the period 1959-2008 to 1909-1958, the flood magnitudes have also decreased in the
southwest (Peterson et al. 2013). For the twenty-first century, air temperature is projected to
continue to increase. Kunkel et al. (2013) reported that if current greenhouse gas (GHG)
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emissions continue, the average temperature in the southwest is projected to increase by 3.0—
5.3 °C (3.64.2 °C in SB) by the end of this century. Even if the GHG emissions are
substantially reduced, a temperature increase of 1.9-3.0 °C (1.9-2.5 °C in SB) is still expected.
Under this warmer environment, streamflow dynamics are likely to be impacted by changes in
precipitation characteristics (e.g., total storm magnitude, peak intensity, and time between
storms) and evapotranspiration (Kenneth et al. 2010; Das et al. 2011a; Orlowsky and
Seneviratne 2012; Cayan et al. 2013; Johnson et al. 2015; Warner et al. 2015; Feng et al.
2016). Johnson et al. (2015) and Orlowsky and Seneviratne (2012) indicate that the
average annual precipitation in the southwest will experience a decline during the
twenty-first century. However, Warner et al. (2015) suggest that the mean winter precip-
itation along the west coast of the USA will increase by 11-18% by the end of this century,
with the frequency of daily precipitation extremes increasing by up to 290% under RCP
8.5. Impacted by altered precipitation patterns and increased air temperature, flood mag-
nitudes are likely to increase and larger-than-historical floods are likely by the end of the
twenty-first century (Das et al. 2011b).

Much of the previous research on climate change and the resulting impacts on streamflow
regimes in the southwestern US focused on inland regions like the Colorado River Basin and
Sierra Nevada watersheds (Das et al. 2011a; Vano et al. 2014). Few studies have investigated
climate change impacts on streamflow in coastal regions where rainfall is the dominant form of
precipitation (Beighley et al. 2003). Johnson et al. (2015) suggested that annual river discharge
from coastal watersheds along the western US will change slightly by the mid-twenty-first
century but that high flows may increase by 10-20% based on six climate change scenarios
from the North American Regional Climate Change Assessment Program. However, Burke
and Ficklin (2017) suggest that the projected peak streamflow will likely decrease and occur
later in the season along coastal southern California in late-twenty-first century under RCP 8.5.
To better understand the potential impacts of future climate conditions on streamflow from
watersheds draining a portion of coastal California, we performed an analysis to address the
following questions: (1) how will the meteorological conditions in SB change under a
warming climate; (2) how will the streamflow quantity (both mean and peak flows) be
impacted both temporally and spatially; and (3) what are the implications of these hydro-
meteorological changes for flood control infrastructure and coastal ecosystem in the SB?

2 Data and methods
2.1 Study site

The study region is defined by coastal Santa Barbara County, California, watersheds draining
into the Santa Barbara Channel from just west of the Ventura River to just east of Point
Conception (Fig. 1). The combined land area is roughly 750 km? with 135 watersheds ranging
from 0.1 to 123 km?. The local climate is Mediterranean, which is characterized by moderately
warm, dry summers and cool, moist winters. The average minimum temperature is about 3 °C
occurring in January, and the average maximum temperature is 25 °C occurring in August
based on monthly data for the period 1915-2011 (Livneh et al. 2013). The average annual
precipitation is 580 mm for the period 1950-2013 based on gauge-based, re-analysis estimates
(Livneh et al. 2015). Most of the annual precipitation occurs in fall/winter with 85% of rainfall
occurring in the Nov—Mar period. Based on the 2006 National Land Cover database (Homer
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Fig. 1 Watershed boundaries, streamline networks, USGS gauge locations for the study region; numbers next
gauge symbols indicate their site IDs listed in Table S1. The plot at top right of the figure indicates the location of
Santa Barbara and fringing watersheds

et al. 2015), the dominant land cover categories are forests (34%), shrubs (31%), urban (18%),
and herbaceous (13%).

2.2 Data

Daily streamflow data obtained from eight USGS gauge records (Fig. 1; Table S1), gridded
observations of daily precipitation (total) and temperature (minimum, maximum and mean)
with a spatial resolution of 0.0625°% 0.0625° (roughly 6 by 6 km) for the period 1950-2013
(Livneh et al. 2015) are used to calibrate and validate the hydrologic model. For the historical
(1961-2000) and future climate simulations (2021-2100), downscaled precipitation and
temperature (Pierce et al. 2014; Pierce et al. 2015) from ten climate models (Table 1) in
Coupled Model Inter-Comparison Project, Phase 5, (CMIP5) (Taylor et al. 2012) for two
emission scenarios RCP 4.5 and RCP 8.5 (Moss et al. 2010) are used. RCP 4.5 describes a
stabilization pathway in which the radiative forcing is stabilized at 4.5 w/m? after 2100, while
RCP 8.5 is an increasing pathway where the radiative forcing reaches > 8.5 w/m?2 by 2100 and
continues to rise. The GCMs are selected based on their performance in representing historical
climate dynamics at global, southwest US and CA state scales (Pierce et al. 2018). The
National Land Cover Database (NLCD) for 2006 (Homer et al. 2015) is used to quantify
the land cover distribution throughout the study region. The Global Soil Dataset for use in
Earth system models (GSDE) is used to estimate saturated hydraulic conductivity and satu-
rated moisture content. To determine net radiation for estimating potential evapotranspiration
(PET), the 16-day composite albedo product (MCD43C3) with a spatial resolution of 0.05°x

0.05° and the monthly aerosol optical depth product (MOD08M3) with a spatial resolution of
1.0°x 1.0° both derived from NASA’s Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard the Terra and Aqua satellites, are used.

2.3 Hydrologic modeling

The Hillslope River Routing (HRR) model (Beighley et al. 2009) is used to simulate
streamflow. The HRR model utilizes an irregular computational grid and parallel computing
to simulate: (a) vertical water and energy balance through vegetation and soil layers; (b) lateral
hydraulic transport from upland areas; and (c) channel hydraulics. The kinematic approxima-
tion is used for simulating surface and subsurface runoff from hillslopes to channels; and
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Table 1 Relative changes (%) in P, PET, Qy,,, and O, over the study region for future conditions as compared to historical period derived from P and T predictions from 10 downscaled

GCMs for emission scenario RCP 8.5; the results are area-averaged from the 135 watersheds draining the study region; italic numbers indicate significant changes at 0.10 significance

level based on Mann-Whitney U test

GCM ID CMIP5 Model Historical

Future (RCP 8.5)

Acronyms

1961-2000 2021-2060 2061-2100

P(mm)  PET (mm) QO @mm) Qy(cfs) P(%)  PET(%) Ou(®) Q%) P%) PET (%) On(®) Q) (%)
1 ACCESS1-0 614 1306 113 4942 -9.7 5.3 0.4 -9.3 -7.8 10.2 0.8 10.6
2 CanESM2 605 1312 108 4376 8.2 5.7 51.9 58.6 50.5 10.9 256.6 207.8
3 CCSM4 615 1311 109 4338 —6.1 4.1 -12 14.0 2.1 6.3 30.3 60.9
4 CESM1-BGC 587 1313 109 4596 12.0 3.2 20.5 20.9 33.6 6.0 99.4 106.3
5 CMCC-CMS 573 1318 96 4084 -12.7 3.5 -36.4 8.7 -123 8.2 —342 -8.0
6 CNRM-CM5 620 1309 106 4229 14.0 3.9 66.3 59.6 13.4 8.4 71.9 69.6
7 GFDL-CM3 597 1303 95 3798 -42 7.1 -17 7.4 0.4 13.7 26.3 433
8 HadGEM2-CC 602 1305 98 4178 -8.1 5.0 -13.8 -3.0 0.1 10.6 58.7 103.3
9 HadGEM2-ES 606 1310 97 4293 -04 5.3 32.6 24.5 0.4 8.3 44.0 78.3
10 MIROC5 574 1309 125 4518 —-6.1 4.8 -20.8 0.4 -21.0 6.1 -41.8 —34.7
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diffusion wave routing is used for channel flow. Here, PET is estimated using the Priestley and
Taylor method (Priestley and Taylor 1972) with the Food and Agriculture Organization of the
United Nations (FAO) limited climate data approximations (Raoufi and Beighley 2017). To
generate surface runoff in the HRR model, a runoff coefficient approach is used. It assumes
that runoff at time ¢, is C X P, where C is the runoff coefficient, which varies based on land
cover and soil moisture, and P, is the precipitation rate at time 7. Here, two runoff coefficients
(initial and final) are used for each model unit, with a soil moisture threshold (#,) to switch
between the two coefficients. The three parameters are determined based on calibration and
distributed to un-gauged locations based on land cover characteristics. A Monte Carlo-based
calibration procedure was implemented to estimate the optimal model parameters. Based on
the availability of streamflow data, the calibration period was 1984-2013. The HRR model is
forced with gridded precipitation and temperature estimates derived from gauged observations
(Livneh et al. 2015). USGS streamflow measurements from fvie of the eight gauges are used
for calibration; the remaining three gauges are used for validation. For the days with missing
streamflow, interpolation was used to estimate flow values based on relationships between
flow values at the gauge with missing data and its neighboring gauge. Here, only five gauges
are used for calibration and three gauges for validation due to (1) a very short period of
overlapping observations when considering all eight gauges (i.e., less than 3 years from
1983/10/28 to 1986/9/30 as shown in Table S1) that increases substantially (1983/10/28-
current) when considering only five gauges; (2) that some of the calibrated model parameters
are watershed-specific (e.g., the wet runoff coefficient is a function of the urban area fraction,
which varies from watershed to watershed, details discussed later) and validation at gauges not
used for calibration can assess if the established relationships (such as the linear relationships
between wet runoft coefficient and urban area fraction) are valid; and (3) that the three
validation gauges provide streamflow records of a time period that is different from the
calibration period (Table S1). Thus, splitting the gauges into five calibration and three
validation gauges provides assessment for model performance for both spatial and temporal
variabilities.

The parameters included in the calibration influence lateral and vertical transport and
surface runoff generation processes: & (coefficient to adjust surface roughness), &, (coefficient
to adjust vertical hydraulic conductivity), 6, (threshold in soil moisture separating dry and wet
runoff conditions), C; (runoff coefficient for 8 < 6,), and C, (runoff coefficient for 6 > 6,). The
parameter ranges are defined based on the hydrologic characteristics of the study region and
previous modeling experience (Beighley and Moglen 2002; Beighley et al. 2005; Beighley
et al. 2008). The performance metrics used for optimal parameter identification are bias (to
assess water balance, bias) and annual peak error (to assess flooding conditions, ep).

For calibration, thousands of parameter sets are randomly selected from predefined param-
eter spaces (Table S2). Next, the HRR model is implemented for the calibration period using
each parameter set, and the best parameter set for each gauged-watershed based on minimum
error (e) at each gauge location is selected:

2 2
e=\/bias +¢, (1)

where bias and e, are mean bias (%) and mean peak error (%), respectively, based on
averaging annual values over the entire calibration period. To estimate the model parameters
at non-calibrated watersheds, the optimal values from each gauge are then related to upstream
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watershed characteristics (e.g., land cover features). For example, C; =m, U+ b,, where m,
and b, are linear regression coefficients determined by relating the optimal C, coefficients and
percent urban land cover (U) for each gauged-watershed. For those which are not significantly
correlated with any hydrogeologic characteristics, their values are estimated when the overall
cost function (¢’ in Eq.2) is minimized. Next, to refine the values of the regression coefficients
(e.g., my, by), a second calibration step was performed, during which these coefficients were
randomly selected with other parameters (which are not significantly correlated with watershed
characteristics) locked as the optimal values obtained from the first calibration step. Then, the
HRR model is again implemented for all parameter sets and the optimal parameter set is
selected based on the minimum mean performance metric (¢'):

¢ = 3ie @)
where ¢’ is the mean error from all calibrated watersheds; ¢; is the error calculated using Eq. 1
at the ith watershed; and # is the number of calibrated watersheds (i.e., 5 in this study). In this
second iteration, the mean performance metric from all gauges (Eq. 2) is used because relevant
parameters are now varied based on local catchment characteristics (e.g., land cover fractions).
The parameters’ definition, ranges, and final values are shown in Supplemental Table S2.

2.4 Statistical analysis

To test if simulated future precipitation (P), PET, mean annual streamflow (Q,,), and annual
peak flows (Qp) are significantly different from those for the historical period, the Mann-
Whitney U test is applied. Mann-Whitney U test is a non-parametric method for testing if two
samples are selected from the same population. The historical period (i.e., 1961-2000) was
used as the comparison base to investigate possible changes in two future projection periods
having the same duration: 2021-2060 and 2061-2100. The null hypothesis of Mann-Whitney
U test is that the difference in the mean between the two samples is equal to 0. In this work, we
use 0.10 as the significance level to test the hypothesis. The Mann-Whitney tests were
performed on both annual and seasonal series.

2.5 Definitions specific to this study

Seasons are defined as winter (JEM), spring (AMJ), fall (OND), and summer (JAS). To
investigate potential changes in the duration of the rainy season, the accumulated P series in
each water year was determined, and the number of days between the 10 and 90% of the
accumulated P series was defined as the duration of the rainy season (i.e., number of days
accounting for 80% annual P). Though this definition is subjective, it provides a quantitative
metric that can be determined for all years. To obtain the integrated precipitation over a
watershed, the hydrologic model was simulated assuming 100% of the precipitation is
transferred to surface runoff with no other losses and routed to the watershed outlet providing
hydrographs that represent the cumulative event precipitation volumes. Here, the groundwater
or baseflow was assumed to be zero in this simulation. In this region, baseflow is a small
fraction of streamflow (Beighley et al. 2003), which makes it reasonable to estimate precip-
itation dynamics by transferring 100% precipitation to surface runoff. To determine the
number of rainfall events, we count the number of 100% rainfall-derived hydrograph peaks
for which there are no other higher peaks within five consecutive days.
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3 Results
3.1 Calibration results

In this study, K, K,, and C; were not found to be significantly correlated with any character-
istics of the watersheds. Thus, these parameters are assumed to be uniform for all model units;
C, and 0, were found to be linearly related with the urban area fraction of the gauged
watersheds, that is, C, =m, U+ b, and 0, = myU + by (definitions can be found in Table S2),
and the regression coefficients (i.e., my, by, my, and by) were calibrated in the second step. The
final values of calibrated parameters are shown in Table S2.

The final error measures of the calibrated model and the resulting streamflow hydrographs
and probability distributions at each gauge compared to USGS streamflow measurements are
shown in Supplemental Table S3 and Fig. S1. The calibrated model performs well for
representing both baseflow and peak magnitudes and timing. At calibration gauges, the bias
errors vary between — 11.2 and + 9.4% and the peak errors are within + 15% except for gauge
11120000 where the bias in precipitation data results in lower simulated peaks (—25.7%) than
gauge records. At validation gauges, the model bias ranges from —29.1 to 2.6%, and the peak
errors vary between —24.5 and — 9.1% except for gauge 11120550. From Fig. S1, we can find
the calibrated model performs good at representing baseflow and peak flow dynamics as well
as the probability distribution characteristics at all gauges.

3.2 Changes in P, PET, Oy, and O, area-averaged over the entire study region

Relative changes in the hydro-meteorological variables (P, PET, Oy, and Q) in the future,
based on projections from 10 GCMs under RCP 8.5, are summarized in Table 1. For space
conservation, only results under RCP 8.5 are shown here, and the results for RCP 4.5 can be
found in Supplementary material (Table S4).

For 2021-2060, 7 out of 10 models show a decrease in annual P ranging from — 0.4 to —
12.7%, while the other three models show an increase in P ranging from 8.2 to 14%. However,
none of these changes are statistically significant. In contrast, all ten models show a significant
increase in PET for 2021-2060. The increase varies from 3.2 to 7.1%. Half of the models show
an increase in Oy, while the other half show a decrease in Q. The changes in Q,, are
consistent with those in P (i.e., increase or decrease in both P and Q,,) for most of the models
(except for M1 and M9), suggesting the variability in annual precipitation is the primary factor
controlling variations in streamflow quantities. Compared to Q,,, changes in Qp are less
consistent with those in P. For half of the models, changes in Qp are opposite to changes in
P (e.g., increase in Qp vs. decrease in P, and vice versa), which implies that altered annual
precipitation is not sufficient to explains variations in streamflow dynamics (e.g., maximum
daily discharge). During this period, changes in all variables, except PET, are not statistically
significant (Table 1). During 2061-2100, more models show increase than decrease in all four
variables. Three models show statistically significant increases in both Oy, and Qp; however,
no models show a significant decrease in any of these quantities. In addition, the magnitudes of
changes in all four variables are higher during 2061-2100, as compared to the period 2021—
2060. The higher magnitude of changes in the second half century is consistent with the
emission pathway in which GHG continues to increase till 2100.

Under RCP 4.5, the patterns of changes are similar for all variables except for precipitation
(Table 1 and Table S4). During 2021-2060, more models show an increase in P under RCP 4.5
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(5/10 for RCP 4.5 and 3/10 for RCP 8.5), and more models show significant changes in P (and
subsequently in Oy, and Q;,) under RCP 4.5 (2 significant increase and 1 significant decrease
under RCP 4.5, and none under RCP 8.5). In contrast, during 2061-2100, less models show an
increase in P under RCP 4.5 (4/10 for RCP 4.5 and 7/10 for RCP 8.5) and less significant
changes in O, and Q,. This suggests that, under higher emission scenario RCP 8.5, the
changes in hydro-meteorological variables are more obvious (i.e., dominant change shift from
decrease to increase).

3.3 Spatial variations in changes in P, O, and Q,

The relative changes in P, Oy, and Q, for each individual watershed under future climate
conditions (2061-2100) projected by 10 GCMs under RCP 8.5 are shown in Fig. 2. The
detailed results for 2021-2060 under RCP 8.5 and for both periods under RCP 4.5 can be
found in Supplementary Material (Figs. S2-S4 and Tables S5-S8). The results for the two
emission scenarios are similar, but the magnitudes of the changes in O, and Q, are higher
under RCP 8.5, especially during the second half of twenty-first century. From Fig. 2, we find
that the median value of changes in P over each watershed is close to zero (within = 2%) under
RCP 8.5. However, the median changes in both O, and Q,, are positive (+29% to +58% for
Om and +51% to +99% for Q) and much large than those for P. Although the variability (or
uncertainty) of relative changes in P and PET (not shown in Fig. 2) among models is almost
uniformly distributed throughout the study region, the variability of relative changes in Q,, and
0, among models tends to shrink from west to east, especially for 0. In the western region,
most of the watersheds are moderately steep mountains covered by forested and shrub lands. In
the middle and eastern region, watersheds contain steep, forested mountains with less steep
coastal plains containing urban and agricultural development (Beighley and Moglen 2002;
Beighley et al. 2005; Beighley et al. 2008). In the watersheds where the mountains are forested
and moderately steep with little development, runoff generation is nonlinear and sensitive to
rainfall rates and the duration of time between events. However, in the steep mountains and
urban areas, runoff generation is more consistent and controlled largely by alterations in P
magnitudes. Therefore, in the west, the nonlinearity of hydrologic response to P is amplified.
For example, when soil moisture is near the point of runoff production, a slight increase in P
can result in a disproportionately large increase in Q. This may explain the large variability in
O, changes among models in the western region as compared to the middle and eastern
regions. In addition, from west to east, the soil composition has less silt and more sand
fractions. Thus, the soils in the western watersheds tend to have lower porosity as compared to
the soils in the eastern watersheds, which can also increase runoff when the rainfall is
intensified.

3.4 Seasonality

As discussed in Section 3.3, the analysis of relative changes in P, Oy, and O, for future
climate projections reveals changes in streamflow characteristics that might not have been
anticipated for a system in which the median change in annual precipitation from the
model ensemble is only £2%. For example, as shown in Fig. 2, annual streamflow
increases by up to 58% and annual peak flows increase by 99% during 2061-2100 under
RCP 8.5 based on the ensemble medians; however, the median change in annual P is less
than 2%. The nonlinear response of changes in streamflow to alterations in precipitation
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watersheds (indicated by the gray watersheds in the map) during 2061-2100 based on 10 GCM output
simulations for scenario RCP 8.5; each bar depicts relative changes in minimum, maximum, median, 1st and
3rd quartiles for the ensemble outputs; bars from left to right spatially corresponding to watersheds from west to
east. For clarity, only watersheds with drainage areas larger than 7 km?, which account for roughly 83% of the

study area, are shown

amount may result from two possible mechanisms: (1) the grouping of smaller rainfall
events closer together leading to more rainfall occurring on wetter soils or (2) the
magnitudes of the few larger rainfall events increasing. To evaluate the likely process,
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Table 2 Relative change (%) in the number of rainfall events for the future conditions as compared to historical period (1961-2000) derived from P predictions from 10 downscaled

GCMs for emission scenario RCP 8.5

GCMID 1961-2000

2021-2060 (%)

2061-2100 (%)

<18 mm/ 18-36 mm/ >36 mm/ All <18 mm/ 18-36 mm/ > 36 mm/ All <18 mm/ 18-36 mm/ > 36 mm/ All

day day day events day day day events day day day events
1 8 2 1 12 -135 -12.6 -12.7 -13.2 -23.1 -6.5 6.8 -17.3
2 8 2 1 11 -5.1 1.4 20.9 -1.6 -6.2 -9.0 107.3 3.6
3 8 2 1 12 -12.0 -14.6 -93 -12.2 -16.6 —-13.2 14.0 -13.0
4 9 2 1 12 -13.2 16.2 324 -4.6 -12.8 20.1 81.1 0.3
5 9 2 1 11 4.2 -21.8 1.5 -04 -14.7 -6.3 35 -11.9
6 9 2 1 12 -87 54 33.0 —24 -18.9 -104 36.9 -12.4
7 9 2 1 12 -113 -13.0 11.7 -99 —-233 0.7 35.6 —14.5
8 8 2 1 11 -22 —4.2 =27 -2.6 —16.1 -239 20.8 -142
9 9 2 1 12 -95 -94 17.3 -7.1 -27.6 -29.9 37.7 -222
10 8 2 1 11 -34 -15.1 16.1 -39 -199 —24.8 —-4.7 -19.5
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further analyses on the frequency and magnitudes of rainfall events were performed and
the results are shown in Table 2. Almost all models show that the number of rainfall events
will decrease during twenty-first century (in median, roughly — 6% and — 12% for 2021
2060 and 2061-2100, respectively) under RCP 8.5, but the decrease is not uniform with
respect to rainfall intensities (Table 2). The number of rainfall events with low (< 18 mm/
day) to moderate (18-36 mm/day) intensities decreases (in median, — 7.5% for low events
and — 6.8% for moderate events during 2021-2060; —17.9% and — 10.3% during 2061—
2100), while the number of large rainfall events (> 36 mm/day) increases (12.3% during
2021-2060 and 33.9% during 2061-2100). These results suggest that it is the increase in
rainfall magnitudes and frequency of the larger storms that leads to the increase in annual
O,. For example, for 2021-2060 under RCP 8.5, the frequency of small to moderate
rainfall events is likely to decrease by about 8% (ensemble median) contributing to the
slight decrease (about 5%) in annual P (as shown in Table 1), while the intensity and
frequency of large storms is likely to increase by 2 and 15%, respectively, which results in
an increase in annual 9, (Tables 1-2). For 2061-2100, the increase in the frequency and
magnitude of large rainfall events offsets the decrease in low/moderate P events leading to
only a slight increase in annual P but a more evident increase in annual O, (Tables 1-2).

The analysis on changes in seasonal precipitation was also performed and the results
show an increase in winter precipitation and a decrease in spring and fall during the
twenty-first century, which is consistent with findings in a recent study by Swain et al.
(2018) which suggest wet season rainfall will shift from marginal (September—October,
April-May) to the core rainy season (November—March). Although there is an increase in
summer P, the increase is defined based on percent change in P but provides essentially no
difference in streamflow because the magnitude of change is very small. These changes in
seasonal precipitation lead to a shift in the timing of seasonality (Fig. 3). The duration of
the wet season during the historical period (1961-2000) is 124 days; however, the wet
season length is shorter by 11 days and 18 days during 2061-2100, for RCP 4.5 and RCP
8.5, respectively. The detailed wet season lengths projected by 10 models are shown in
Table S10. The lengths for 1961-2000 among models vary between 115 and 129 days

%%
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— Historical WSL = 106 days (RCP 8.5)
DRI teeataes e |
L —Future (RCP 4.5) WSL = 113 days (RCP 4.5)
i bine y) 15 NI e
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Fig. 3 Monthly precipitation throughout the whole SB coastal basin during historical (1961-2000) and future
(2061-2100) periods under both emission scenarios (RCP 4.5 and RCP 8.5). For the future scenario, the median
values of monthly precipitation from 10 downscaled GCM projections are used. The dash lines indicate the
average period of wet seasons which is defined as the period during which 80% annual precipitation is
accumulated (starting from the day when 10% of annual precipitation is accumulated and ending at the day
when 90% of annual precipitation is accumulated). WSL stands for wet season length
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among models (Table S10). Eight of the 10 models show a shorter rainy season duration,
with decreases of 9-23 days (roughly 7-18%) during 2021-2060 under RCP 8.5; all of the
models suggest a shorter wet season by 5-28 days (roughly 4-23%) during 2061-2100.
The shortening of wet season is mainly due to a late onset of consistent rainfall. The
shorter rainy season and more frequent large storms imply that more (and/or larger) storms
occur in a shorter period of time, which can lead to wetter initial conditions and more
runoff.

For both RCP 4.5 and RCP 8.5, most of the models produce decreased streamflow in
spring and fall and increased streamflow in winter (Table 3 and Table S11). However, the
magnitude of the increase in winter streamflow is larger than the magnitude of decreases in
fall and spring which explains the overall net increase in Q,,. The change in summer
streamflow is negligible considering the usual lack of flow reaching the coast in summer.
Given the peak flows typically occur in the winter period, the increase in winter
streamflow also leads to the increase in Q. Eight of the 10 models show an increase in
O, during 2061-2100 under RCP 8.5 for which the changes are statistically significant
from four models (Table 3). As shown in Table 3, the patterns of changes in seasonal
streamflow are consistent during twenty-first century under RCP 8.5 that is, both periods
(2021-2060 and 2061-2100) show decreases in spring and fall streamflow and increase in
winter streamflow. However, the statistical significance of the changes is more evident in
the latter period, for example, there are four models showing significant increase in O, for
2061-2100 compared to only 1 for 2021-2060. In contrast, under RCP 4.5, the statistical
significance is more evident for 2021-2060 than 2061-2100, especially for spring and
summer, but the direction of changes is similar to that for RCP 8.5 (i.e., decrease in spring
and fall streamflow, and increase in winter streamflow), especially for the 2061-2100.

4 Discussion and conclusions

In this study, we find that for coastal southern California watersheds, future climate
conditions produce more frequent, larger precipitation events occurring in a shorter rainy
season with only a small change in annual precipitation. The enhanced precipitation
extremes concentrated in a shorter period leads to more runoff and larger annual peak
flows. The nonlinear hydrologic response to altered precipitation series is especially
challenging when predicting changes in flood discharges based on projected precipitation.
Combined changes in precipitation frequency and magnitude distributions make a notice-
able difference on streamflow characteristics. While annual P is a key determinant of
annual Q,,, especially in urban areas, the variability of rainfall event spacings and
magnitudes plays a significant role in controlling changes in the annual Q. These changes
are further amplified in the flood frequency analysis. When using commonly used flood
frequency analysis methods (e.g., Log-Pearson type III method, LPIII) to estimate flood
frequency distributions for the future climate conditions, the magnitude of a specific return
period flood is a function of the moments of the annual Q, series. Therefore, changes in
any of the statistics for the Q, series may lead to the changes in the estimated flood
magnitudes. For example, as shown in Fig. 4, during 2061-2100 under RCP 8.5, the median
increase among the 10 models is 43% for annual Oy, 76% for O, and 101% for the 100-year
discharge. These changes are especially important when we consider that the average change of
annual precipitation is only 2%. Thus, changes in the magnitude and variability (inter- and intra-
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Table 3 Relative changes (%) in seasonal streamflow over the study region for the future conditions as compared to historical period (1961-2000) derived from P and 7 predictions
from 10 downscaled GCMs for emission scenario RCP 8.5; italic numbers indicate significant changes at 0.10 significance level based on Mann-Whitney U test

GCM ID  Historical Future (RCP 8.5)

1961-2000 2021-2060 2061-2100

Spring (mm) Summer (mm) Fall (mm) Winter (mm) Spring (%) Summer (%) Fall (%) Winter (%) Spring (%) Summer (%) Fall (%) Winter (%)

1 12.0 0.1 1.6 100.8 -61.0 147 =376 9.8 - 069.8 62.1 —45.1 8.7
2 8.0 0.1 3.1 99.5 -6.8 -04 179.6 53.0 -35.1 1.3 77.5 276.4
3 7.4 0.1 3.8 96.4 -794 -14 —24.38 9.9 -573 -0.8 —66.4 42.8
4 6.3 0.1 6.6 96.4 355 119.2 —66.9 27.9 94.7 1.4 -722 110.3
5 7.7 0.1 43 72.8 - 635 -02 —546 —20.4 -77.8 38.7 —14.9 —20.5
6 6.8 0.1 4.0 91.1 —49.4 0.6 80.9 82.4 -15.0 78.3 -175 89.4
7 6.8 0.1 3.6 79.0 -4.6 0.1 —40.3 7.0 -6.8 0.4 6.3 39.4
8 10.1 0.1 5.2 84.9 —525 -02 —53.8 -6.8 30.9 142.1 —46.2 63.8
9 8.3 0.1 2.5 88.9 25.8 1.3 8.8 33.8 -71.2 -0.2 115.8 48.8
10 7.2 0.1 0.9 110.5 —66.9 -0.4 222.2 -129 -32.1 -0.5 9.5 —39.5
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Fig. 4 Relative changes of annual streamflow (Qy,), peak flow (Q,) and 100-year flood discharge (Qjo0)
averaged over the major SB watersheds (same as in Fig. 3) during 2061-2100 based on each model projection
under emission scenario RCP 8.5. Black dash lines are the median values among 10 models, and they are 43%,
76%, and 101% for Oy, O, and Q). respectively

annual) of P as well as spatial variations in land cover and soil properties can lead to
disproportionate changes in estimated flood discharges and should be taken into consideration
when designing civil infrastructure and managing water resource.

The changes in discharge and seasonality will also impact the export of nutrients and
sediment to the coastal ecosystem. The fluxes of nutrients (e.g., nitrate, phosphate and
ammonium) and sediment (e.g., total suspended sediment) from SB watersheds are
significantly and positively associated with hydrologic variability (Aguilera and Melack
2018). This may imply that the nutrients/sediment export to the coastal ecosystem will
likely increase due to the increase in both the magnitudes and frequency of high discharge
events. Nutrients and sediments build up in dry season and progressively flushing in wet
season (Bende-Michl et al. 2013; Lewis and Grimm 2007; Aguilera and Melack 2018).
The majority of nutrients/sediment fluxes occurs at the beginning of wet season (Homyak
et al. 2014). Therefore, the shift in seasonality (a later onset of wet season) can result in
changes in the timing of nutrients/sediment export to the coastal zone. The lengthening of
dry season, decreased streamflow in dry season as well as increased temperatures in the
future, will likely make the SB region more vulnerable to wildfires, which will also elevate
the nutrients/sediment export to the coastal aquatic environment (Aguilera and Melack
2018). Therefore, the findings in this study imply that the nutrients/sediment export to the
coastal ecosystem will likely increase in the future and that the seasonal variation in these
fluxes may also be impacted, which will subsequently impact aquatic environment in the
coastal ecosystem.

As an integration of water stores and fluxes in the land-ocean-atmosphere, the
hydrologic cycle can be impacted by climate change in various ways. Climate change
may impact streamflow by temperature increases or through changes in the hydro-
meteorological variables. In arctic and boreal/snow-dominant regions (like Europe and
northern US), the increase in temperature can lead to a shift of precipitation forms and
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timing of runoff, and thus altering streamflow seasonality (Barnett et al. 2005; Barnett
et al. 2008; Schneider et al. 2013; Gelfan et al. 2017). In monsoonal regions (e.g.,
China), streamflow will likely increase especially during high-flow season, mainly due to
the intensified northern hemisphere summer monsoon (Eisner et al. 2017). In areas
strongly impacted by atmospheric river (AR) events, such as western US and southwest-
ern South America, streamflow especially the extremes will be likely affected by the
intensified AR activities under a warmer climate (Vicky et al. 2018). The findings in this
study provide a compliment to existing studies regarding climate change impacts on
hydrology. The results in this study suggest that, in the rain-dominant region like coastal
SB with a Mediterranean/semi-arid climate, the future climate conditions will likely lead
to a later onset and intensified wet season streamflow mainly due to the changes in
precipitation patterns. These findings are consistent with previous studies (e.g.,
Schneider et al. 2013; Mote et al. 2018; Burke and Ficklin 2017) in terms of changes
in seasonality in Mediterranean climate regions. Although the study is focused on a
specific and relatively small region, it provides a framework for assessing the hydrologic
impacts of future climate conditions in other regions. As highlighted here, changes in
annual precipitation do not tell the whole story. Regions, especially semi-arid or Med-
iterranean regions, where rainfall is often limited and rainfall-runoff response is highly
nonlinear, may see large changes in runoff and peak streamflow with relatively small
changes in precipitation.

In this study, the hydrologic model parameters were calibrated using short periods
(e.g.,1984 to 2013) of historical streamflow observations and are assumed to be temporally
constant (i.e., parameters not changing to reflect potential changes in land use/land cover
or changes in hydrologic responses resulting from the altered climate conditions). How-
ever, under a changing climate, the streamflow dynamics can be non-stationary, which
suggests the calibrated model which performs well in representing historical streamflow
dynamics may not work well for future scenarios. As such, the simulation results in this
work may be biased due to using stationary model parameters. However, the conclusion
that future streamflow (especially extremes like annual peak flow and 100-year flood
discharge) will increase is likely valid considering urbanization tends to result in quicker
and/or higher peak discharges. Parameter equifinality (i.e., multiple parameter sets meet
similar cost function criteria) can be another issue. In this study, only one optimal
parameter set was selected for future simulation. Further work on parameter equifinality
will be performed to address its effect on simulated streamflow and the associated
uncertainties. In addition, land cover/land use change and other potential anthropogenic
activities are not integrated into the simulation for future streamflow. For example, SB
may change zoning policies or expand/alter their stormwater/flood infrastructures in the
future to mitigate future impacts. Building on this effort, if information on projected land
cover change and/or anthropogenic activities can be estimated, it can be integrated into
this modeling framework to optimize potential mitigation strategies.

In general, the results in this study show that climate changes may alter the seasonal pattern
of precipitation in coastal Santa Barbara during the twenty-first century, that is, more frequent
large storms concentrated in a shorter wet season as compared to the historical period 1961—
2000. This alteration may yield a pronounced increase in the streamflow, especially the low-
frequency flows, even though mean annual precipitation is likely to change by only a small
fraction. The nonlinear hydrologic response to altered precipitation patterns may result in large
increases in estimated large floods, which is especially important for the design and
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management of civil infrastructure and water resources. The changes in hydrologic variabilities
and seasonality will also impact nutrient/sediment export to the coast and subsequently affect
the aquatic environment in the coastal ecosystem.
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