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Table 2

Rating curve parameters (Qs; = aQ?*').
Parameters 1849-1861 1862-1892 1893-1925 1926-1949 1950-1968 1969-1984 1985-1998 1999-2011
a 0.281 1.91 x 1078 5.10 x 1078 8.18 x 1078 4.08 x 107 0.020 0.281
b 0.012 2.019 1.931 1.951 1.392 1.289 0.297 0.012
Mass balance relative error - 0.084 0.135 0.077 0.053 - -
Estimated mass balance error (Mt) - 38.55 43.47 26.36 12.81 - -

Fig. 7. Estimated yearly maximum discharge (Panel a), rating curve parameters
(Panel b) and sediment load (Panel c) to SF Bay (1849-2011).

we re-adjusted b; such that I; and AS; + O; are equal again. This esti-
mated parameter b was then compared to the previously estimated
b. If the difference was >10% a further iteration through steps II to
IV was made, until the difference between estimated parameter b
for two following trials was less than 10%. Table 2 shows the final
estimates for rating curve parameters from 1849 to 2011 that have
been used in this study. Fig. 7a-c represent the estimated yearly
maximum daily discharge, variation in rating curve parameters a
and b, and the estimated yearly maximum daily sediment load to
SF Bay, respectively. Table S1 represents the annual averaged
values for these parameters (see Supplementary material).

3. Results
3.1. Discharge Estimation (CDE)

To confirm its applicability for discharge estimation, SDE
(provided as a Supplementary material) is first compared to NDOI
data for 1930 to 1944, and is then validated using both NDOI for
1945-1946 and the 18d averaged TDE 1881-1929 (Moftakhari
et al.,, 2013). Then, pre-1930 CDE (SDE and TDE combined, Sections
2.2.2 and 2.2.3) is validated using four series of data (a) ERI 1906-
1944, (b) observed discharge at Red Bluff, CA 1891-1944, (c) total
monthly precipitation 1851-1944, and (d) SRI 1879-1884 (see
Section 2.1.4 for more information). For cases in which we compare
the estimated/observed values of a parameter from two different
sources/approaches, we use the Nash-Sutcliffe efficiency coeffi-
cient, an indicator of fit that is widely used to assess the predictive
power of hydrologic models. For comparisons between different
variables (e.g. discharge and rainfall) we use a correlation
coefficient to assess the reliability.

Comparison to NDOI: Comparison of SDE with NDOI data for
1930 to 1944, the calibration time period yields a Nash-Sutcliffe
efficiency coefficient of 0.89 (Fig. 8a). Over the 1945-1946 valida-
tion period, the Nash-Sutcliffe efficiency coefficient is 0.92
(Fig. 8b).

Comparison to TDE: Monthly averaged flow (TDE) estimates
from Moftakhari et al. (2013) from 1881 to 1929 are compared
against monthly averaged SDE in Fig. 9a. The correlation coefficient
for this period is 0.84.

Comparison to the Eight-River Index (ERI): To assess the robust-
ness of CDE we compare it to measures of unimpaired SF Bay
inflow. Fig. 9b shows the monthly-average of CDE versus ERI
(December-May) for the periods 1906-1944. The correlation coef-
ficient is 0.82, and a linear regression yields Y = 0.648X +465.42
with an R? of 0.67.

Comparison to flow at Red Bluff, CA: To compare Red Bluff flows
with CDE, and reduce the effect of time-lags we plot weekly-
averaged Red Bluff flows against weekly-averaged CDE over the
period 1891-1944 (Fig. 9c). The correlation coefficient is 0.88,
and a linear regression yields Y=0.252X — 90.39 with an R? of
0.77. Approximately 25% of the flow from the entire basin enters
the river above Red Bluff, even though the gauge at Red Bluff drains
~14% of the total watershed.

Comparison with precipitation data: Fig. 9d shows annual total
precipitation at Sacramento, CA versus CDE, 1849-1944. In this
case, the correlation coefficient is 0.82, and a linear regression
yields Y= 0.057X + 37.79 with an R? of 0.67. Thus, years with high
rainfall at Sacramento produce correspondingly large annual flows,
despite soil storage effects and basin-wide variability in
precipitation.

Comparison with SRI: The SRI provides a valuable historical
check on flow estimates during the peak of hydraulic mining activ-
ities 1879-1884. Though similar to a monthly averaged NDOI it
does not consider exports and precipitation. Fig. 10 compares
monthly-averaged CDE (with errorbars) to SRI 1879-1884; the
Nash-Sutcliffe efficiency coefficient for this period is 0.78. The
downscaled TDE is plotted as well to show the compatibility of
these flow estimates.

To summarize these comparisons, CDE is closely comparable to
diverse hydrologic measures for SF Bay and the Sacramento River
over the last 160 years, as verified by good correlation coefficients
and Nash-Sutcliffe values. Therefore, the CDE approach provides a
reliable method for hindcasting historic daily flows.

3.2. Sediment transport estimates

The CDE data validated in Section 3.1 are next used to estimate
daily sediment flux into SF Bay from WY1850 to 2011 (see
Section 2.2.4 for methods). Fig. 11 shows the yearly-average
estimated load from 1956 to 2011 using NDOI and the integral sed-
iment constraints vs. the average annual load estimated from
observed data described in Section 2.2.3. The results suggest that
the contribution of the Central Valley to the delivered load SF
Bay is different during high-load WYs (averaging >10,000 ton/day)
and low-load WYs (<10,000 ton/day). During low-load periods the
correlation coefficient is 0.80, and a linear regression yields
Y = 0.50X + 3000 with an R? of 0.84. The estimated slope therefore
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Fig. 10. Monthly-averaged CDE vs monthly mean discharge (aka Six-River index) from the Central Valley and adjusted downscaled TDE.

suggests that ~50% of the load delivered to the Bay during low-load
conditions comes from the Central Valley and the rest from local
tributaries. By contrast, the transport capacity limitation of sedi-
ment delivery from the Central Valley causes this percentage to
change over high-load periods. Since 1956, our results suggest that
local tributaries contribute ~85% of sediment delivered to SF Bay
during high-load years, compared with ~50% during low-load years.

Fig. 12a shows CDE estimates for WY1850 to WY1929, and
Fig. 12b shows the estimated daily sediment flux to SF Bay from

WY1850 to WY2011. Also, Fig. 7a and c shows the yearly maxi-
mum discharge and yearly maximum sediment flux to SF Bay
between 1849 and 2011, respectively. These results suggest that
the largest daily sediment flux (125,000 kgs™') since 1849
occurred in January 1862 (Fig. 7c), due to the second largest daily
peak flow (CDE estimate of 17,600 m?s~!) and the largest 18-day
averaged peak flow in the last 160 yrs (Moftakhari et al., 2013).
However, a significant uncertainty must be ascribed to the 1862
discharge level, because the amount of floodplain inundated was



H.R. Moftakhari et al./Journal of Hydrology 529 (2015) 1247-1261

18000

12000

6000 |

and San Joaquin River (TonDay)

Observed Annual Load in Sacramento

0 2 4 6
Estimated Annual Load to x10%
San Francisco Bay(TonDay)

Fig. 11. Estimated annual load vs annual SSC load observed at Sacramento, CA
(1956-2011).

much larger than any subsequent flood. Thus, the flood discharge
may have been significantly larger than our estimate and large
amounts of sediment may also have been deposited throughout
the Central Valley and Delta region. Regardless, the largest mea-
sured daily peak flow that occurred in 1986 (17,900 m>s™!) is
slightly larger than our estimated daily peak flow for 1862.

Although several large floods occurred between 1849 and 1853,
the system was more supply limited (compared to the late 19th
century) and no large sediment flux peak is evident. Large peak
flows in WYs 1878, 1879, 1880, 1881, 1890 coincided with the
huge amount of sediment that was released to the watershed
due to hydraulic mining, producing very large annual sediment
fluxes in the late 19th century. Though hydraulic mining was
banned in 1884, the sediment supplied by previous mining activi-
ties continued to move downstream during high flow events. Land
development, timber harvest and agricultural activities along with
delayed debris from hydraulic mining activities produced large
daily sediment loads during floods in WYs 1927, 1928, 1938,
1940, 1941, 1942, and 1945. None of these events supplied as
much sediment as the 1862 flood, however.

4. Discussion

Since 1998, San Francisco Bay has become significantly less tur-
bid (Schoellhamer, 2011) and is facing the prospect that contami-
nated mercury sediments may begin to erode if annual sediment
export (through the Golden Gate or from sand mining and dredg-
ing) is more than sediment inputs (see Bouse et al., 2010). Our
evaluation of sediment export over time suggests that the

1862 flood
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parameters a (sediment supply) and b (stream power) and the river
flow have significantly changed over time (Fig. 7b), and that these
changes reflect the diminished annual supply of sediment to the
Bay. A related change, with possible implications for nutrient
transport and the biogeochemical cycle in the bay and coastal
ocean, is that significant snow-melt driven freshets and spring sea-
son sediment pulses have decreased. Decadal cycles in river flow
and sediment flux are also evident in the data; e.g., relatively low
flows from 1912 to 1937 were followed by large flows from 1938
to 1945.

Overall, our estimates of daily sediment fluxes using an integral
constraint suggest that the total sediment load delivered to SF Bay
because of hydraulic mining and land development activities was
considerably larger than previous estimates, especially during the
second half of the 20th century (Fig. 13). The area of reclaimed land
in the Bay Area almost doubled by the late 1920s (~1700 km?), rel-
ative to the beginning of the 20th century (~950 km?) (Thompson,
1957); loss of access to both floodplain and intertidal areas
reduced the area over which sediment can deposit, possibly focus-
ing sediment deposition during the mid-20th century in the
remaining wetted areas and inflating the observed deposition.
We speculate that the elevated mid-century sediment load, while
possibly augmented by the effects of urbanization and agricultural
activities, may also reflect the residual effects of hydraulic mining
and other land-management practices such as logging. Folsom
Dam on the American River only began holding water and captur-
ing sediment in 1956, and Oroville dam on the Feather River was
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Fig. 13. Comparison of our cumulative sediment load estimate (aka reality
scenario) with the previous studies and load under the assumption that rating
curve parameters remain the same as pre-Gold rush values (Scenario S1); bulk
density of 850 kg m~3 (Porterfield, 1980; Jaffe et al., 2007); GO8 shows the results of
Ganju et al. (2008) divided by 0.9; GO8_prime is the result of applying suggested
rating curve by GOS8 to SDE divided by 0.9.
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Fig. 12. Panel (a): CDE (1849-1929); Panel (b): daily sediment transport to SF Bay (1849-2011).
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only finished in 1968. In fact, large sediment concentrations on the
Feather River during the floods in 1950s and early 1960s were
attributed to the residual effects of hydraulic mining (James,
2004). It is also possible that greatly increased logging and clear-
cutting between about 1940 and 1970 (Burns, 1972;
Laudenslayer and Darr, 1990) increased sediment fluxes during
the mid-20th century. While further research is needed to deter-
mine the cause of the mid-century pulse, it seems clear that it
was augmented by significant river flow events, compared to the
relatively low flow from 1912 to 1937. At the close of the 20th cen-
tury, depletion of the sediment pool reduced the largest daily peak
flows in 1986 and 1997 to only 7000 kgs~' and 6000 kgs~!,
respectively, which are small values considering the magnitude
of flooding (Fig. 7c; see also Schoellhamer, 2011).

Fig. 13 compares our cumulative sediment load estimate from
1849 to 2011 with those estimated by Ganju et al. (2008) (G08).
They have estimated sediment load from the Central Valley
(1851-1958), while we have estimated total sediment load from
both the Central Valley and local tributaries adjacent to the Bay.
To compare our results with their estimates we have divided their
estimates by 0.9 to reflect the pre-1955 contribution of local tribu-
taries to total load (Ogden Beeman and Associates, 1992). This
comparison quantifies the effect of employing different approaches
of estimating river flow and the parameters a and b in Eq. (7). The
estimated sediment load from our model is greater than GO8 for
four main reasons. First, the approach that we have employed
and the proxies that we have used to estimate historic daily flows
are different, which affects the estimation of sediment load. To
demonstrate this difference, we applied G08's sediment rating
curve to our CDE data (GO8-prime in Fig. 13). The cumulative load
estimates by GO8-prime for 1849-1955 are 30% larger than GOS8,
indicating that the effect of using different discharge estimates is
considerable. Second, inclusion of sediment pulse in the mid-
20th century produces a large difference in mass balance and
affects the supply parameter a, and thus the sediment load esti-
mates. A third difference between GO8 and our estimate is how
the rating curve parameters a and b vary over time. In GO8 param-
eter a gradually increased and decreased, before and after 1890,
respectively, because they did not consider the second pulse of
sediment in the 20th century. We assumed rating curve parameter
a to be constant during each time span and to linearly vary
between the time spans. Finally, GO8 assumed that the stream
power parameter b is constant over time, while we allowed b to
vary between time periods (Table 2).

To determine the contribution of natural processes and human
activities to the time history of sediment load, we next analyze one
more scenario. Scenario S1 (Fig. 13) shows the cumulative sedi-
ment load that would have occurred under pre-hydraulic mining
sediment supply and stream-power conditions, given the mea-
sured flow. Sediment supply (parameter a) and stream power
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(parameter b) are kept at the pre-hydraulic mining values between
1862 and 2011. S1 produces a cumulative load of ~650 Mt, ~45%
(35-60%) of the estimated ~1500 + 400 Mt (uncertainty explained
below) which we estimate to have been supplied during this per-
iod. Hence, ~55% (45-75%) of the cumulative sediment load since
1849 is directly attributable to anthropogenic alteration of the sed-
iment supply.

The timing and magnitude of the annual peak flow has changed
considerably over time, likely due to flood control projects, diver-
sion for irrigation and human consumption, and climate change
(Knowles, 2002; Moftakhari et al., 2013). We evaluate the effect
of long-term changes in the annual hydrograph on sediment load
to the Bay in Fig. 14. Fig. 14a compares CDE-based hydrographs
for historic flows (averaged over 1849-1945, by year-day), and
the modern flow regime (1946-2011). Both the timing of the
annual peak flow and the total volume of water changed consider-
ably in the modern, managed era compared with the much less
impaired flow regime of the late 19th century and the early 20th
century. Snowmelt-driven spring freshets produced the annual
peak flows in many years prior to 1940s. Diversions have reduced
the total volume of water delivered to SF Bay in the modern system
by ~35% compared with the pre-1946 system (~3.9 km>/yr versus
~2.4 km?|yr total inflow in modern system). This 35% reduction is
compatible with the ~30% reduction suggested by Moftakhari et al.
(2013), despite the different time periods evaluated (WY1850-
1945 here vs. WY1858-1900). The relative stationarity in flow
statistics pre-1945 suggests that the majority of flow regime
changes have been produced by anthropogenic and climate
impacts which occurred over the past 70 years.

Fig. 14b compares sediment load hindcasts averaged by year-
day for historic (1849-1945), and the modern (1946-2011) flow
regime. The results suggest that the timing of peak sediment load-
ing has changed over time. Storms and snow-melt driven dis-
charge, which produced peaks from February to May in the
historic system, have now been shifted to an earlier year date,
and are mostly associated with winter storm events. An approxi-
mately 35% reduction of annual flow since the 19th century along
with decreased sediment supply has produced an average sedi-
ment load in the modern system (~5.9 Mt/yr) that is only ~50%
of the 19th and the early 20th century load (~11.7 Mt/yr).

Strong seasonality in the flow regime in SF Bay causes the
majority of sediment load to be transported during high flow
events. Specifically, Fig. 15 shows that on average 40%, 75%, and
90% of the total load moves during top 1%, 10%, and 50% flow days,
respectively. Thus on average, 90% of the yearly load moves during
the wet half of the year, while only 10% moves during the dry sea-
son. The results also suggest a shift in seasonality over time. While
~45% of the total load was delivered during top 1% flow days
1850-1945, only ~25% is currently transported during the top per-
centile. Fig. 14b supports the results of Fig. 15, and suggests that
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Fig. 14. Panel (a): CDE by year-day, averaged over 1849-1945, and 1946-2011; Panel (b): Sediment load estimates by year-day, averaged over the same periods.
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the seasonality of sediment flux has shifted over time because
spring-melt floods have decreased. Hence, most sediment input
now occurs in winter (this assumes that parameters a and b do
not change seasonally, which we cannot evaluate). While histori-
cally ~70% of the total annual load was delivered in Winter (Dec.
to March), and ~25% was delivered in Spring (Apr. to June), ~80%
of the load is delivered during winter storm-driven flows in the
modern system and less than 15% in spring.

Evaluating the significance of our sediment load estimate
requires understanding the magnitude of likely errors, which
may be systematic (due to bias) or random. The mean of random
errors such as bathymetric measurement errors and digitization
errors are assumed to be close to zero when averaged spatially.
Thus, systematic errors are likely to be the most important limita-
tion to the accuracy of our results. One possible source of error is
incorrect vertical datum correction between surveys of the same
subembayment (Fregoso et al., 2008). This type of systematic error
is expected to be less than 0.1 m, and in the worst case may cause
an error of up to 120 Mm? (~100 Mt) in estimates of bay volume
change between surveys, when integrated over SF Bay
(Schoellhamer, 2011). Four surveys were used in this work so this
error applies to each of the three resulting volume change
calculations.

Another likely issue is that spatial variability in bed elevation
due to tectonic deformation and earthquakes was not considered
by Schoellhamer (2011). Spatially varying vertical land motion
contributes to different observed rates of sea level rise. Sea level
rise at three water level gauges with long (greater than 40 years)
and complete records is 2.01+0.21 mmyr~! at San Francisco,
0.82 +0.51 mmyr' at Alameda, and 2.08 +2.74 mm yr! at Port
Chicago (Zervas, 2009). The long-term tectonics occur in only one
direction and this type of uncertainty ideally should be treated as
a bias in total load. Here, however, we treat the error associated
with this deformation as a random error because deformation
direction and rates vary spatially, deformation adjacent to San
Pablo and Suisun Bays is unknown, and subtidal deformation is
unknown (Burgmann et al., 2006). In addition, tectonic plates in
the region were perturbed by large earthquakes in 1868, and
1989 and, in particular, 1906 (Jaume and Sykes, 1996). However,
within the SF Bay region “there occurred no general change of ele-
vation of sufficient magnitude to be detected with certainty” due to
1906 earthquake (Lawson et al., 1908), the bench-mark surveys
suggest relative vertical land motions of up to 0.035 m between
San Francisco (Presidio) and Sausalito (Zervas, 2009). An order of
magnitude estimate of sediment volume error attributed to
long-term tectonics over the last 150yrs is 0.15m

(1mmyr ' x150yr=0.15m). An upper estimate of relative

deformation due to three large earthquakes is 0.1 m (3 earth-
quakes x 0.035-0.1 m). These factors create potential errors of up
to 180 Mm? (~150 Mt) and 120 Mm?> (~100 Mt), respectively.
Another possible source of error occurs in the difference
between estimated input (I;) and the sum of storage and output
(AS;j+ 0;) in Eq. (8). From Table 2 the total (e.g. cumulative)
mass balance error associated with our sediment load estimates
is approximately +120 Mt. As discussed earlier, the estimated
error due to uncertainty in flow is +260 Mt, and the maximum
total error associated with our estimates would be the
square root of the sum of the squares (e.g.

V3 x 100% + 100 + 1507 + 120% + 260% ~ 400 Mt). Our results
therefore suggest that 1500 + 400 Mt of sediment was released
into the SF Bay system over the last 160 yrs. However, other fac-
tors contributing to the error, such as estimated sediment export
to the ocean cannot easily be evaluated. We also note that
bathymetric surveys do not fully survey intertidal areas and
ignore flood plains, and thus may have under-estimated total
sedimentation. On the other hand, large areas of the bay, includ-
ing both floodplains and tidal flats were removed from the sys-
tem by 1900, so that they would not have received sediment,
except during dike breaching events. It is not possible to
estimate errors in the sediment load estimates associated with
sedimentation in areas not surveyed.

5. Conclusions

This study provides improved estimates of daily inflow and sed-
iment delivery to SF Bay, using approximately 80 years of daily
water stage data for Sacramento, CA from as early as WY1850.
After correcting for changes to channel depth and water level vari-
ance, water level based discharge estimates are combined with
NDOI and TDE flow estimates to provide a composite delta inflow
record back to WY1850. Our estimates suggest that natural pro-
cesses combined with hydraulic mining and agricultural activities
released ~1500 + 400 Mt of sediment to SF Bay from 1849 to 2011.
The average annual volume of delivered sediment is ~50% lower in
the modern system than during the peak hydraulic mining sedi-
ment pulse. The results also suggest that since 1956, local tribu-
taries contribute ~85% of sediment delivered to SF Bay during
high flow years, compared with ~50% during low flow years. We
estimate that ~55% (45-75%) of the sediment delivered to the
estuary between 1849 and 2011 was the result of anthropogenic
alteration in the watershed that increased sediment supply. The
large increases in sediment input due to hydraulic mining, urban-
ization, logging, and other anthropogenic developments emphasize
how far the system has departed from its pre-hydraulic mining
conditions prior to 1862.
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