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ABSTRACT
This manuscript documents the data rescue, digitization, and quality assurance of archival daily maximum and minimum water 
levels at twenty-five sites within the Sacramento-San Joaquin Delta. The records encompass 1846 total unique years, where 
915 years are newly digitized from the 1915–1985 era. The period of record for each gauge location varies from 40 to 109 years 
(median = 80 years). Quality assurance procedures and datum corrections were applied to both archival and digital records to 
generate a time series referenced to a common geocentric datum. Both riverine and coastal influences on mean sea level and 
great diurnal range are evident in the time series. During the winter months, when river discharge is large, mean sea-level�in-
crease and great diurnal ranges decrease. The strongest river influence is observed at more landward sites, where daily mean sea 
levels can increase by 1–10 m. The data also include spatially and interannually varying extreme water levels and show evidence 
of the influence of seasonal tidal barrier construction/dismantling, which began in the late 1980s. The data records thus enable 
future analysis of multiple intertwined issues, including sea-level rise, subsidence, tides, climate patterns, atmospheric condi-
tions, shoreline/habitat changes, bathymetric modifications, water resource management, and flood hazards.

1   |   Introduction

Relative sea-level rise (RSLR) in estuaries, deltas, and tidal rivers 
is affected by global mean sea-level rise (MSLR) and changes in 
regional oceanic circulation, coastal hydrodynamic processes, 
local uplift/subsidence, river flow, wind, and water resources 
management (Baranes et� al.�2023). Over decadal and secular 
time scales, the relative influence of these factors on water level 
variations and trends may change. For example, river-flow mag-
nitudes and seasonal patterns can shift interannually or over 
longer time scales (Piecuch et�al.�2018; Talke et�al.�2020; Dykstra 
et� al.�2022). To better understand seasonal patterns and how 
they vary over time, long time series observations from various 

locations spanning multiple decades are required. While water 
level observations in the digital era are common and easily ac-
cessible (Haigh et�al.�2023), tidal observations collected before 
the 1980s are often only available from hard copies held within 
archives of different national or state agencies, particularly re-
cords from inland locations (Talke and Jay�2013, 2017; Latapy 
et�al.�2023). The inaccessibility of these data limits our ability to 
study past changes and predict future impacts.

Recognizing the potential value of archival records, research-
ers have expended considerable effort to digitize historical 
water levels, making them available for study (Latapy et� al. 
2023, Bradshaw et� al.�2015). In the United States, digitized 
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historic sea-level data are now available for San Francisco 
(Bromirski et�al.�2003), New York Harbour (Talke et�al.�2014), 
Boston Harbour (Talke et�al.�2018), the Gulf of Maine (Ray and 
Talke�2019; Haigh et�al.�2023) and the Columbia River Estuary 
(Talke et�al.�2020). In France, data recovery efforts have been 
employed for five port cities, including Dunkirk (Latapy 2020), 
Brest (Pouvreau�2008; Wöppelmann et�al.�2006, 2008), Saint-
Nazaire (Ferret�2016), St Jean de Luz (Khan et�al.�2022, 2023), 
and Marseille (Wöppelmann et�al.�2014). Among Spanish ter-
ritories, digitized historical water level records are now avail-
able for Cadiz (Marcos et� al.�2011), Alicante and Santander 
(Marcos et�al.�2021) and Tenerife Island (Marcos et�al.�2013). 
Araújo et�al.� (2013) recovered sea-level time series in Leixões, 
Portugal. In the United Kingdom, Inayatillah et�al.�(2022) dig-
itized records from 15 sites along the Thames River Estuary, 
Woodworth�(1999) extended sea-level records at Liverpool, and 
Hogarth et�al.� (2021) used data archaeology to extend the re-
cord of monthly mean sea level at numerous locations within 
the British Isles. In the southern Indian Ocean, the sea-level 
record at Kerguelen Island was extended back to 1949 (Testut 
et�al.�2006), and Ile Saint-Paul back to 1874 (Testut et�al.�2010). 
In Australia, the sea-level record at Port Arthur, Tasmania, was 
extended back to 1841 (Hunter et�al.�2003), and Williamstown, 
Victoria, was extended back to 1872 (McInnes et� al.�2024). 
Additional digitization efforts are reflected in databases of the 
University of Hawaii Sea-Level Centre (Caldwell�2013) and the 
GESLA database (Woodworth et�al. 2016; Haigh et�al.�2023).

In this paper, we contribute to the growing historical data re-
covery effort, focusing on water level observations measured by 
the California Department of Water Resources (CADWR) and 
its predecessor agencies from the early 20th century, which are 
currently available in digital form only since 1982. This new 
water level dataset was generated by digitizing historical hand-
written and typed ledgers documenting once or twice daily max-
ima and minima in water levels from 25 different sites within 
the Sacramento-San Joaquin Delta of California, United States. 
These archival records were combined with modern daily max-
imum and minimum water levels extracted from CADWR digi-
tal archives (available since 1982), after quality assurance of all 
records and conversion to a common datum.

The uniquely large and long record of deltaic water levels will 
help support both local studies and the general understand-
ing of the transition zone between fluvial and oceanic forcing. 
In the Sacramento-San Joaquin Delta, water level variations 
from coastal anomalies and sea-level rise propagate at least 
160 km landward (Baranes et� al.�2023). In Sacramento, tides 
disappeared in the late 19th century due to shoaling effects 
from hydraulic mining, and then later rebounded (Moftakhari 
et� al.�2015; Szlemp�2020). Changing channel depths, widths, 
wetland connectivity, and bed frictional properties of an estu-
ary or delta also influence the mean surface slope caused by 
river flow, and long data sets are typically needed to observe 
this effect (Jay et�al.�2011; Ralston et�al.�2019; Talke et�al.�2021). 
Human-induced channel, wetland, and subsidence alterations 
in the Delta modify the hydrodynamics, sediment transport, 
and vertical land motion across variable space and time scales 
(Marineau and Wright�2015; Mount and Twiss�2005; Drexler 
et�al.�2009). By extending the time series of available data and 
expanding the number of accessible sites for analysis, we enable 

the exploration of the complex interactions between riverine and 
tidal processes, the role of geomorphological changes on system 
behaviour, and how sea-level rise and subsidence alter water lev-
els and flood hazards. Improved comprehension of past Delta 
conditions will enable a greater understanding of how future sea 
levels, future subsidence, altered river flow, and management 
changes are likely to affect these locations and their evolving 
flood risk.

2   |   Methods

2.1   |   Site Description

The Sacramento-San Joaquin Delta (hereafter “Delta”) plays a 
vital role in the water resources of the State of California, drain-
ing a watershed of 194,000 km2 and supplying freshwater to over 
27 million people and irrigation for up to 15,000 km2 of farm-
land (U.S. EPA�2012). The two principal rivers, the Sacramento 
and San Joaquin, have average discharge rates of 550 and 100 
m3/s, respectively (Baranes et� al.�2023), ranging over approx-
imately one order of magnitude between dry and wet years 
(Jassby�2008). Since the 19th century, annual discharge has de-
creased by approximately 30% (Moftakhari et�al.�2013).

The Delta has undergone significant morphological change since 
the mid-1800s. Large-scale sedimentation occurred due to hydrau-
lic mining and timber harvesting in the Sacramento-San Joaquin 
watershed between 1850 and 1885 (Gilbert�1917; Moftakhari et�al. 
2015, 2016 and references therein). Beginning in the mid-to-late 
1800s, the floodplain of the Delta was heavily modified by levee 
building and subsequent reclamation for agriculture (Paterson 
et�al.�1978; MacVean et�al. 2018). Similarly, Delta tributaries were 
modified and dredged for shipping purposes beginning in the late 
19th century (USACE�1915). Large projects included deepening of 
the San Joaquin River-Stockton Deepwater Shipping Channel to 
30 ft (1928–1933) and construction of the Sacramento Deepwater 
Shipping Channel (1949–1963; Hagwood�1976; Marineau and 
Wright 2015). Today's Delta contains around 55 islands and tracts 
hemmed in by over 1700 km of levees (CA DWR�2023), and the 
system continues to evolve in response to water resource, ship-
ping, and habitat management decisions.

Water levels experience large fluctuations seasonally, with 
water levels in fluvially dominated sites varying by several me-
tres over a typical year (Baranes et� al.�2023). At present, the 
security of both the Delta infrastructure, farmland, and commu-
nities depends upon the extensive system of man-made levees 
(Pawley et�al.�2023). Significant subsidence of reclaimed Delta 
islands, primarily through soil oxidation but also from ground-
water pumping, has resulted in the majority now sitting below 
mean sea level, at risk of flooding if a levee fails (Mount and 
Twiss�2005; Sharma et�al.�2016).

Rates of RSLR in the Delta are among the highest measured 
on the US West Coast (> 10 mm/year at some locations be-
tween 2004 and 2022; Baranes et� al.�2023), and model pre-
dictions foresee a large increase in the probability of flooding 
from mega-storms (Huang and Swain�2022). Furthermore, 
Wang et� al.� (2025a, 2025b) demonstrated the vulnerability of 
this region to compound flooding due to coincident oceanic, 

 



3 of 19

atmospheric, and hydrological extremes. Consequently, there 
is an urgent need for an improved understanding of how water 
levels in the Delta (and deltas in general) change over time, and 
how these changes might relate to past system changes. Long-
term water level measurements are fundamental for studying 
natural water level variability and allow a more accurate as-
sessment of extreme events (Mukhopadhyay et�al.�2023). These 
needs underpin the importance of providing longer time series 
of water level observations and form a principal motivation for 
this study. Providing an improved time series that documents 
past hydrodynamic behaviour will enable more detailed anal-
ysis and numerical modelling to be performed, supporting im-
proved design and management strategies.

2.2   |   Data Sources

2.2.1   |   Archival Water Level Data (Pre- 1986)

Numerous water level observations have been collected by state 
and federal agencies across the San Francisco Bay and Sacramento-
San Joaquin Delta, extending back to the 1850s in some locations 
(Disney and Overshiner�1925; Szlemp�2020). Through archival 
research, we have identified 48 long-term, undigitized records of 
> 5 years length in the Delta and eastern San Francisco Bay Area, 
held in both State and Federal Agency archives (Data S1� : S4, 
Table�S4.1, Figure S4). Most long records span the 1929–1982 pe-
riod. Many additional shorter records are available, some from as 
early as the 1850s. Additional paper archival records are available 
at the CADWR from 1982 to 2007 and are duplicates of records 
found in digital databases. The only records that were digitised 
post-1982 include Benicia (through February 1984), Rio Vista 
Army Base (through March 1985), and Sacramento River, I Street 
(to 1984). These were digitized to fill data gaps.

The implementation of a high-density gauge network across 
the Delta began around 1929 and continued through the 1940s 
to 1960s. The effort coincides with the planning and imple-
mentation of the California Water Project (CADWR�1966), and 
the gauge network reflects the region's importance for state 
water resource management. Nonetheless, except for limited 
tabulations of extreme values (https:// ​tides​andcu​rrents.​noaa.​
gov/​est/​est_​states.​shtml?​regio​n= ​ca), most records before 
October 1982 are not digitized and thus cannot be used cur-
rently. The 25 Delta locations considered here are geograph-
ically well-distributed (Figure�1) and correspond to the most 
complete and earliest data sets available; gauge recordings 
continued at 24 of the 25 locations beyond October 1982, and 
22 gauge records have been continued to the present. Digital 
data from October 1982 is available at the State of California 
Water Data Library (https:// ​wdl.​water.​ca.​gov/​water​datal​
ibrary/ ​), but currently contains datum shifts in the 1982–2005 
period. Additional data from 1984 to the present are available 
from the California Data Exchange Centre, also with some 
uncorrected datum shifts (https:// ​cdec.​water.​ca.​gov/​webgi​s/?​
appid​= ​cdecs​tation).

Tidal records reported in this study were recovered from 
multiple State of California publications between 1915 and 
1975 and from archival paper records stored by the CADWR, 
from 1973 to 1985. When citing state publications, we refer 

to the name of the series and the years it covers. Before 1929, 
most California State records consisted of intermittent, once-
per-day measurements (CADWR, Stream Flow Data, Flood 
Seasons:�1915–1929). Beginning in 1929, a more complete 
record of daily maximum and minimum water levels were 
compiled at six stations (CADWR, Stream Flow Data, Flood 
Season:�1929–1934), with more locations added over the next 
four decades (CADWR, Flood Flows and Stages In Sacramento 
and Lower San Joaquin Valleys�1943–1957; CADWR Bulletin 
No. 23, Surface Water Flow�1957–1962; CADWR Bulletin No. 
130, Hydrologic Data�1963–1975).

The focus of early CADWR publications was primarily on 
flood control; therefore, most published records between 
1929 and 1962 have data gaps during the low-flow summer 
and early autumn period (typically, from June to October). A 
whole year of daily maximum/minimum water levels was pub-
lished in CA Bulletin 130 Hydrologic Data between 1963 and 
1975, with daily tidal records (2 highs and 2 lows) recorded 
from October 1972 to September 1975 (CADWR. Bulletin 
No. 130 Hydrologic Data—1963–1975; CADWR. Bulletin No. 
130 Hydrologic Data, Vol II 1966-1977; CADWR. Bulletin 
No. 130 Hydrologic Data, Vol III 1977). Daily maximum/
minimum and/or semidiurnal high/low tide level records 
(2 highs and 2 lows), including timestamps, were recovered 
from the CADWR archives in West Sacramento, California, 
for most stations for the 1973–1982 period. Metadata describ-
ing tide station datum information is provided in the histor-
ical reports (e.g., CADWR. Bulletins 23 Surface Water Flow, 
and Bulletins 130 Hydrologic Data) and condensed in a 1965 
report documenting Delta station gauge elevation histories 
(CADWR�1965a, 1965b). The same information was also avail-
able from CADWR paper archives.

The total number of records recovered and digitized from 
CADWR archives is described in several ways. First, a “Station-
Year” of tidal data is defined as a complete calendar year of 
evenly spaced, daily maximum-min imum water level observa-
tions. Fractional Station-Years occur when data are missing and/
or observations are not available for the full calendar year. For 
example, a data set that is missing summer records from June 
to October has a fractional total of 0.67 station years; a complete 
record has a fractional value of 1. The Cumulative Station Years 
metric is the summed total of all fractional years at a station 
(Equation�1).

The “Total Station-Years” metric refers to the sum of all 25 indi-
vidual “Cumulative Station-Years”.

Additionally, we also tabulate the period of record for each sta-
tion (Equation�2), which is the total number of years between 
the first and last year of the data set:

where “First Year” and “Last Year” are the first and last cal-
endar years for which we provide data. For example, our data 

(1)
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FIGURE �     |    Site Map of the Sacramento/San Joaquin Delta and San Francisco Bay region including Delta and Bay tide station locations. The Delta 
boundary is displayed as a white polygon on the regional map (A) and inset State map (B). NOAA tide stations at San Francisco and Port Chicago are 
represented by white and grey triangles, respectively. Tide station locations are indicated by colored circles (A). The size of colored circles indicates 
the Cumulative Station-Years (up to the end of 2023) at each station. Numbers next to each station correspond to the 25 tide station names listed in 
italicized font (A). Station data coverage represented by Fractional Station Year percentage values for years 1915 – 2023 (C). The color convention 
used to identify each station is used throughout. Note the data coverage reported at Benicia (#10) and Old River, Rock Slough (#17) include records 
from nearby gauges at Martinez and Old River, Bacon Island, respectively (C).
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repository for the Rio Vista station has records from as early as 
1915 and as late as 2023, for a total period of record (data span) of 
109 years. Finally, the “Unique Years” metric describes the total 
number of years in which there is at least one month of data 
and is similar to how other databases assess the number of years 
(Haigh et�al.�2023). For Rio Vista, there are some data gaps be-
tween 1915 and 1943. Hence, the number of Unique Years at this 
site is 98. By comparison, the Total Station-Years at this location 
is 63.2 (Table�1).

2.2.2   |   M odern Water Level Data (Post- 1982)

Digital water level data at 15-min and/or 60 min intervals from 
1982 to the end of 2023 were acquired from the California Data 
Library ( https:// ​wdl.​water.​ca.​gov/​water​datal​ibrary) and the 
California Data Exchange (CDEC; https://cdec.water.ca.gov/  ). 
Hourly records from San Francisco (1898-present) and Port 
Chicago (1979-present) were obtained from the National 
Oceanographic and Atmospheric Administration (NOAA). 
Additionally, unpublished short records from a few Delta sta-
tions for the 1977–1999 period were obtained from NOAA (T. 
Ehret, personal communication, August 2021). Digital records 
from discontinued CADWR stations, spanning from 1982 to 
1999, were provided by CADWR (M. Mulligan, personal com-
munication, May 2024; A. Cuthbertson, personal communica-
tion, June 2024). Most stations with archival records continue 
to the present day, though some locations have gaps (e.g., see 
Figure�1C, Collinsville from 2000 to 2008). Only three sites were 
decommissioned: (1) Three Mile Slough on the Sacramento 
River in 1982, (2) Benicia in Suisun Bay in 1984, and (3) Old 
River, Rock Slough in 1984. In the figures presented herein, the 
Benicia record has been extended using the CADWR record at 
East Bay, Martinez, 2.5 km away (1994-present), and the Old 
River Rock Slough site has been extended using the CADWR 
record at Old River, Bacon Island, 3 km upstream (Figure�1B, 
square markers).

2.3   |   Ar chival Data Digitization

Archival records for each CADWR site were digitized by stu-
dents and researchers. Digital images of paper archival records 
were taken using a Digital Single Lens Reflex (DSLR) camera 
and collated in a cloud-based storage location, organised by year 
and station name. Measurements of daily maximum and daily 
minimum, and/or high and low tide levels, were then entered 
into spreadsheets and named according to location, year, and 
data type. Additional details regarding spreadsheet format and 
digitization protocols are provided in Data�S1: S1. Based upon 
retrieved archive station records, nine of the 25 station gauges 
were repositioned to a nearby location (< 1 km away) at some 
point during their period of record. A 10th station, Rio Vista, 
was moved 1.6 km upstream in 1980, with a 5-year period of 
overlap (1980–1985) available between the two sites. We treat 
each of these 10 records as a single dataset, clarifying station lat-
itude/longitude (where this information is documented), and pe-
riods of record in the metadata for each site. Latitude/Longitude 
is reported in NAD-83 and converted from the earlier NAD-27 
convention when needed.

The reported precision of water level observations before 
October 1, 1962, was 0.1 ft (0.03 m), and 0.01 ft (0.003 m) there-
after. This precision is reflected in the digitized data except for 
Benicia (1963–1975), Collinsville (1970–1975), Georgiana Slough 
(1963–1975) and Grantline Canal (1963–1975), where data were 
entered with 0.1 ft (0.03 m) precision.

To extend the archival time series to the present day, CADWR, 
CDEC, and NOAA water level 15-min, or hourly time series 
were quality assured and then post-processed into daily maxi-
mum and minimum records. Details regarding the quantity of 
data removed during quality assurance are provided below and 
in Data�S1: S2.2. As needed, documented datum shifts were ap-
plied (see Section�2.5 below). To be consistent with pre-digital 
archival records, Pacific Standard Time is used.

2.4   |   Datum Corr ection

2.4.1   |   Datum Documentation

Metadata maintained by CADWR indicates a concerted effort 
to maintain the gauges and ensure the quality of records (See 
Data�S1: S.3). A comprehensive datum history was available 
for each station in state publications (e.g., CADWR Bulletin 
23 and 130) and in CADWR archival records. This infor-
mation was used to reduce records to the North American 
Vertical Datum of 1988 (NAVD-88), the currently used geo-
centric datum. Early water level observations (pre-1944) were 
generally recorded relative to a local datum such as the US 
Engineering Datum, USED. Between 1940 and 1943, most sta-
tions were also defined relative to the USC&GS mean sea-level 
datum (later renamed the National Geodetic Vertical Datum 
(NGVD) of 1929). The relative elevation of benchmarks to the 
NGVD-29 datum was updated in 1964–1965, based on lev-
elling surveys in 1960 that showed widespread and variable 
subsidence in the Delta (Hills and Armstrong�1964; CADWR 
and USC&GS�1960; CADWR 1961a, 1961b). We refer to this 
datum as the ‘NGVD-29 datum (1965 update)’. Station datum 
levels and some benchmarks were updated in 2005–2006, 
based on surveys conducted in the late 1990s and early 2000s. 
Additionally, a location-dependent conversion between the 
higher elevation NGVD-29 datum and the current North 
American Vertical Datum of 1988 (NAVD-88) was applied 
(generally between 2.1 and 2.9 ft , or 0.64 to 0.88 m). Further 
datum shifts occurred during the modern era (post-October 
1982) at some stations and were applied to digital CADWR 
data as documented (Data�S1: S3, Table�S3). For discontinued 
stations with no documented conversion between NGVD-29 
to NAVD-88, the vertical offset was defined based on the off-
set reported at the closest benchmark of the National Geodetic 
Survey, whose elevations were typically generated using 
VERTCON3 software (Smith and Bilich�2019).

2.4.2   |   Datum Adjustments Applied to Water Level 
Time Series

The following approach was used to reduce records to the NAVD-
88 datum. First, any data reported in USED was converted to 

 

https://wdl.water.ca.gov/waterdatalibrary
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TABLE 1     |    Summary of data coverage for each Tide Station.

Figure�1 . 
Site 
number Tide station

CADWR/
CDEC Station 

Number Latitude Longitude
Start 
year

Cumulative 
Station-
Years

Period 
of 

Record 
(years)

Unique 
Years

1 Sacramento 
River, I Street

A02100/IST 38.58861 � 121.50500 1919 64.2 105 74

2 Sacramento 
River, Snodgrass

B91750/SGX 38.34958 � 121.53356 1944 67.4 80 78

3 Mokelumne 
River, Thornton

B94175/BEN 38.25528 � 121.44000 1959 62.1 65 65

4 Sacramento River, 
Walnut Grove

B91651/WGS 38.23947 � 121.51674 1929 74.9 95 95

5 Mokelumne 
River, New Hope

B94150/SMR 38.2255 � 121.49110 1925 78.9 99 98

6 Sacramento 
River, Rio Vista

B91210/RVB 38.15972 � 121.68639 1915 78.7 109 98

7 Georgiana Slough, 
Mokelumne River

B94100/GSM 38.12950 � 121.58389 1944 63.2 80 75

8 Three Mile 
Slough, 

Sacramento River

B9116/TMS 38.10500 � 121.69917 1944 25.9 40 37

9 Sacramento River, 
Collinsville

B91110/CSE 38.07361 � 121.85500 1915 65.8 109 82

10 Suisun Bay, 
Benicia (East 

Bay, Martinez)

E03300/
BSB (MRZ)

38.04056 � 122.14556 1944 55.8 80 71

11 San Joaquin 
River, Antioch

B95020/ANH 38.01778 � 121.80306 1934 74.6 90 89

12 San Joaquin River, 
San Andreas 

Landing

B95100/SSA 38.10333 � 121.59139 1957 56.3 64 63

13 Three Mile 
Slough, San 

Joaquin River

B95060/SR3 38.09000 � 121.68694 1944 67 80 80

14 San Joaquin River, 
Venice Island

B95580/VNI 38.05023 � 121.49687 1928 78.8 96 94

15 Middle River, 
Bacon Island

B95460 38.00172 � 121.52381 1957 59.2 67 66

16 San Joaquin River, 
Rindge Pump

B95620/RGP 37.99722 � 121.41944 1939 70.6 85 83

17 Old River, Rock 
Slough (Old River, 

Bacon Island)

B95180 
(B95250/BAC)

37.99028 
(37.96935)

� 121.58028 
(� 121.5722)

1945 55.5 79 69

18 San Joaquin 
River, Burns 

Cutoff (Stockton)

B95660/RRI 37.96271 � 121.36556 1959 61.0 65 65

19 Middle River, 
Borden (Union Pt)

B95500/MUP 37.89083 � 121.48833 1944 69.4 80 80

(Continues)
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NGVD-29. For a short period in the 1960s, an extra 10 ft was 
added to published gauge records, and these offsets were re-
moved. Two verified redefinitions of the geocentric datum (in 
1964 and 2005/2006) led to updated (corrected) staff zero refer-
ences. Based on available documentation, datum shifts in 1964 
appear to be a redefinition of staff zero in the updated geocentric 
datum, rather than a physical shift in the staff zero (i.e., a change 
in the zero elevation from which measurements were reported). 
The reported adjustments were applied to all pre-October 1964 
records to put the gauge record into a common datum. Similarly, 
the reported offset between NGVD-29 and NAVD-88 at each 
station was applied to all data before October 2005 for CADWR 
data. All CADWR records after October 1st, 2005, are reported 
in NAVD- 88. Each datum adjustment was quality assured for 
plausibility using a buddy gauge approach (see Section�2.5).

The CADWR follows the NOAA convention and reports water 
level relative to a station datum that is itself defined relative to a 
benchmark on land. For each record, the station datum is 0 m rel-
ative to NAVD-88, as defined by CADWR using benchmark sur-
veys in the late 1990s/early 2000s. However, the station datum 
in many locations has subsided over the past 20 years and would 
likely be below the geocentric NAVD-88 datum if surveyed today 
(see Baranes et� al.�2023). Given the time lapses between staff 
zero surveys at many locations and potential differences in local 
NGVD-29 to NAVD-88 conversion factors, the reliability of the 
datum conversions was assessed by comparing mean monthly 
diurnal tide levels with San Francisco (1898-present) and Port 
Chicago (1975-present) records. Dates and values of datum con-
versions applied are provided in Data�S1: S.3, Table�S3.

2.5   |   Quality Assur ance

An iterative approach was employed to quality assure newly dig-
itized daily maximum/minimum time series and verify datum 

levels, following standard approaches (see Talke and Jay 2017, 
and Latapy et�al.�2023). Strategies included manually identifying 
outliers and digitizing some records twice to check for consis-
tency (e.g., the 1973–1975 period). Additionally, we employed a 
“buddy gauge” approach, whereby daily and monthly time series 
from neighbouring locations were compared to identify poten-
tial data errors (Latapy et�al.�2023). An example buddy gauge 
plot is provided in Data�S1: S.2, Figure S.2. When shifts in daily 
or monthly mean maximum and minimum water levels are 
consistent within groups of nearby stations, the likely cause is a 
physical driver such as river discharge or sea-level variability; by 
contrast, when one gauge shows anomalous shifts, a datum or 
gauge issue is more likely.

Following each quality assessment step, any identified digi-
tization errors were manually corrected. Anomalous data 
records (e.g., temporary datum shifts), which were uncom-
mon, were also identified and removed. Removal of data 
was limited to a small number of individual daily maximum 
or minimum entries; over the entire recovered dataset, only 
0.8% of daily maximum and minimum values were removed. 
Approximately 29 values per year were removed from daily 
high and low tide records due to misreported extrema (1972–
1982). This occurred when four values were reported, but only 
three tidal high and low waters occurred (due to the 24.84-h 
tidal cycle). The percentage of data removed at each station is 
summarized in Data�S1: S2, Table�S2.

3   |   Results/Discussion

3.1   |   Data Description

Data coverage after retrieval, digitization, and quality assur-
ance at each station, for each calendar year, spans the entire 
Sacramento-San Joaquin Delta (Figure�1A�) over the 1915–2023 

Figure�1 . 
Site 
number Tide station

CADWR/
CDEC Station 

Number Latitude Longitude
Start 
year

Cumulative 
Station-
Years

Period 
of 

Record 
(years)

Unique 
Years

20 San Joaquin River, 
Brandt Bridge

B95740/BDT 37.86463 � 121.32308 1958 59.0 66 64

21 Middle River, 
Mowry Bridge

B95540/MMB 37.83528 � 121.38361 1958 60.0 66 65

22 Old River, Clifton 
Court Ferry

B95340/ORI 37.82869 � 121.55301 1957 61.0 67 67

23 Grantline 
Canal, Tracy

B95300/GCT 37.82014 � 121.44986 1958 52.8 66 58

24 Old River, Tracy 
Blvd Bridge

B95380/OLD 37.80481 � 121.44956 1957 61.5 67 67

25 San Joaquin River, 
Mossdale Bridge

B95820/MSD 37.78614 � 121.30649 1920 45.8 104 63

Note: Cumulative Station-Years, Period of Record and Unique Years calculations used start dates from 1915 to 1959 and end dates of 31st Dec 2023, unless stations were 
previously decommissioned. See Section�2.2.1 for definitions and Data�S1: S4 for further station history details.
Abbreviations: CADWR, California Department of Water Resources; CDEC, California Data Exchange.

TABLE 1     |    (Continued)

 



8 of 19 Geoscience Data Journal, 2025

period (Figure� 1C). Combined, our efforts add 1570 Total 
Station-Years and 1846 Total Unique Years of quality assured 
and datum-corrected data to water level records in the Delta (see 
definitions in Section�2.2.1). The number of Total Station-Years 
attributed to newly digitized data is 688 years, where 683 years 
pertain to records before October 1982, the time when digital 
water level records were mainstreamed. Similarly, the number 
of Total Unique Years newly digitized is 915.

The number of Cumulative Station-Years at each site ranges from 
25.9 (at Three Mile Slough, Sacramento River, decommissioned in 
1982) to 78.9 years (at New Hope Bridge, on the Mokelumne River). 
The period of record for our 25 sites varies from 40 to 109 years, 
dependent upon gauge installation date, gauge history, and the 
number of years of data recovered from archives (e.g., Data�S1: 
S4, Table�S4.2). The earliest record, Rio Vista on the Sacramento 
River, begins in 1915 (Figure�1C, Data�S1: Table�S4.2); the median 
period of record is 80 years. The number of Unique Years of data at 
each station ranges from 37 to 98 years, exceeding 60 years at 23 of 
the 25 stations. Station-Years, Period of Record and Unique Year 
metrics for each site are summarized in Table�1.

Digitized, quality-assured data includes daily maximum and 
minimum water levels at each tide station, and is provided 
in individual .csv files, available at https://​doi.​org/​10.​5281/​
zenodo.​15226122. The time series comprises six columns (col-
umn 1 =  date-time, column 2 =  water level, column 3 =  com-
pleteness, column 4 =  date-time, column 5 =  water level, 
column 6 =  completeness). Columns 1 to 3 document daily 
maximum water level information, and columns 4 to 6 doc-
ument daily minimum water level information. Where time 
information was available, these are presented in a 24-h for-
mat. Where time information is not available, the time is listed 
as 00:00. Columns 3 and 6 of each CSV file contain complete-
ness metrics. Completeness values range from 0 (Absent or re-
moved during Quality Assessment) to 1 (Complete and deemed 
reliable after Quality Assessment). Before October 1982, data 
are either present in the archives and deemed of good quality 
following quality assessment, in which case Completeness =  1, 
or not, in which case the water level is listed as NaN and 
Completeness =  0. Post Oct 1982, where daily maximum and 
minimum values were obtained from 15-min water level time 
series, Completeness values for each record equal the number 
of non-NaN observations recorded within each 24-h period di-
vided by 96. For hourly water level time series, Completeness 
values equal the number of non-NaN observations within each 
24-h period, divided by 24. End users may thus use these met-
rics to interrogate the time series and filter potentially poor 
values from their analysis. For example, the figures presented 
in this paper were subject to a strict criterion, whereby any day 
with less than a complete record, that is, completeness < 1, 
was excluded from mean monthly calculations. This strict cri-
terion typically affected less than 2–10 days over the forty-year 
modern time series at each site, as preprocessing undertaken 
during the quality assessment steps had typically removed pe-
riods of data affected by instrumental errors.

Metadata documenting site information, including station 
names, latitude and longitude, dates of station installation and/
or repositioning, and period records, is provided in the header 
information of each .csv file.

3.2   |   Preliminary Data Exploration

Time series of monthly mean diurnal tide level (MDTL) and 
monthly mean great diurnal range (Gt), show seasonal, interan-
nual and longer-term trends at all 25 stations�(Figures�2–5). The 
MDTL, which is defined as the average of the daily maximum and 
minimum water level, is a proxy for mean sea level (and mean tide 
level) in the more seaward portions of the Delta. Further upstream, 
particularly during periods of elevated river discharge, the MDTL 
is strongly influenced by average river stage. The Gt is the monthly 
difference between Mean Higher High Water (MHHW) and Mean 
Lower Low Water (Parker 2007; Zervas�2000). At seaward stations, 
Gt is primarily astronomically forced. At inland stations, fluctua-
tions in river discharge over a day may also influence Gt, particu-
larly during the rising or falling limb of a flood.

Overall, the observed similarities in seasonal and interan-
nual variations in MDTL between spatially clustered gauges 
suggest that the time series are self-consistent (Figures�2 and 
3). Similarly, the lack of observable datum shifts relative to 
the NOAA observations at San Francisco and Port Chicago 
(Figures�2 and 3) supports our applied datum corrections (see 
Section�2.4.2).

Variations in monthly MDTL and monthly Gt clearly illus-
trate spatially variable riverine influences (Figures�2–5). Peaks 
in Delta MDTL typically occur during winter months, when 
river discharge is highest (see Figures�2 and 3). Comparisons 
along each river show consistent trends, with the influence of 
river discharge decreasing downstream (Figures�2 and 3), as 
one would expect. The long time series also reveals periods of 
drought. For example, the absence of winter monthly MDTL 
peaks from the late-1980s to 1993, and in the mid-2000s, corre-
sponds with years of lower-than-average freshwater discharge 
(compare Figures�2B–D and 4B–D with Sacramento River and 
San Joaquin River discharges in Figures�6B and 7B respec-
tively). High river discharge also damps the tides, due to non-
linear frictional interactions (Dykstra et� al.�2022; Moftakhari 
et� al.�2013, and references therein), resulting in smaller tidal 
ranges. Thus, periods of low Gt occur when river discharges are 
elevated (see Figures�4 and 5). The more landward stations show 
the largest response. For example, gauges at Snodgrass Slough, 
Walnut Grove (Figure�3B), Thornton (Figure�3C), and Brandt 
Bridge (Figure�4F) exhibit a Gt close to 1 m during summer low 
river discharge conditions, but reduce to 0.5 m or less during 
high river discharge periods. Even larger responses are ob-
served further landward, e.g., at the I Street Bridge, Sacramento 
River (Figure� 4B) and Mossdale Bridge, San Joaquin River 
(Figure�5F). At further seaward locations such as San Francisco, 
river-induced shifts in Gt are not visually obvious and require 
more refined methods to properly assess (Dykstra et�al.�2022; 
Moftakhari et�al.�2013, 2015).

A visual comparison of MDTL indicates that some locations, 
such as Rio Vista and Georgiana Slough, show consistently larger 
trends than coastal sea-level at San Francisco (Figures�2 and 3). 
At these two Delta locations, the long-term linear trend is twice 
and three times the value at San Francisco, respectively, consis-
tent with results from 2004 to 2022 from Baranes et�al.�(2023). 
Qualitatively, other locations also depict trends; these are more 
apparent at locations where the range in MTDL is relatively 
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FIGURE �     |    Mean monthly diurnal tide level (MDTL) time series (B-F) from Northern Delta and Suisun Bay Tide Stations defined in (A). Only 
monthly records with at least 70% completeness are shown in time series. Long-term linear trendlines are shown at three sites: 1. San Francisco 
(dashed grey), 2. Georgiana Slough, on Mokelumne River (dashed turquoise) and Rio Vista on the Sacramento River (dashed dark green) (D).Rates of 
sea level rise estimated using a robust fit regression method were 2.1 ±  0.06 mm/year, 4.88 ±  0.2 mm/year and 6.71 ±  0.17 mm/year for San Francisco, 
Georgiana Slough, and Rio Vista respectively. The estimate for Rio Vista excludes records prior to 1928.
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FIGURE �     |    Mean monthly diurnal tide level (MDTL) time series (B-F) from Southern Delta Tide Stations (A). Approximate sites of temporary 
tide barriers erected seasonally (typically May/June-October/November) are indicated by white lines (A). Only monthly records with at least 70% 
completeness are shown in time series.
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small (e.g., Figures�2D–F and 3B,C). Quantitatively assessing 
RSLR trends requires more rigorous analytical treatment than 
linear regression and requires accounting for summertime data 

gaps before 1963 and non-coastal influences on mean water lev-
els. For example, Baranes et�al.�(2023) evaluated RSLR after ap-
plying a physics-based regression analysis technique to 50 Delta 

FIGURE �     |    Mean monthly great diurnal range (Gt) time series (B–F) from Northern Delta and Suisun Bay Tide Stations (A). Only monthly re-
cords with at least 70% completeness are shown in time series.
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FIGURE �     |    Mean monthly great diurnal range (Gt) time series (B–F) from Southern Delta sites (A). Approximate sites of temporary tide barriers erect-
ed seasonally (roughly May/June to October/November) are indicated by white lines (A). Only monthly records with at least 70% completeness are shown.
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FIGURE �     |     Legend on next page.



14 of 19 Geoscience Data Journal, 2025

gauge series. Nonlinear river discharge effects were removed 
using a modified rating curve approach that accounts for tidal 
influence, while coastal variability, wind effects, and pumping 
for the California Water Project were removed using linear re-
gression (see also Jay et�al.�2011). An alternate approach for re-
moving river-flow effects would be to apply non-stationary tidal 
analysis (Matte et�al.�2013).

The recovered archival records also provide insights into the 
changing management of water resources and the influence of 
dredging on the system. An example is found in the water level 
records available for Rio Vista from 1915 to 1916, which have 
an MDTL that is more than 0.5 m higher than the subsequent 
records from 1929 to 1950. While an undocumented datum shift 
cannot be discounted, a possible physical reason is described in 
metadata found in the CADWR�(1943–1957) Flood Flows and 
Stages report series: “Subsequent to the enlargement of the outlet 
of the Sacramento River from Cache Slough [3 km upstream of 
Rio Vista] to Collinsville, substantially completed in 1927, flood 
magnitudes were no longer indicated by stages at Rio Vista on 
account of the resulting effect of tidal stage. Under existing con-
ditions, a flood of the magnitude of that of 1907 (17.2 ft USED) 
would reach a stage of about 10.0 feet U.S.E.D Datum at Rio 
Vista” (CADWR�1943–1957). Similar drops in water level have 
been investigated in other tidal river systems and tied to chan-
nel deepening through statistical analyses, idealized modelling, 
and/or numerical modelling (Jay et�al.�2011; Helaire et�al.�2019; 
Talke et�al.�2021). Here, archival research to date clearly indi-
cates that the history of modifications and channel deepening 
has a significant influence on the system and motivates future 
research.

Recent modifications and changes to water resource manage-
ment continue to impact the system. Since the early 1990s, for 
example, water levels at some southern Delta stations have 
been strongly influenced by seasonal barriers (approximate 
locations shown in Figures�3A and 5A), typically constructed 
in late spring (April–May) and removed in October–November 
(ICF�2021; ESA and AECOM�2018). These rock barriers cut off 
tidal circulation from one direction, while maintaining tidal 
influence via an alternate pathway. See Data�S1: S5 for exam-
ple images of different seasonal barriers installed as part of 
the South Delta Barrier Project. While more detailed analysis 
(Lobo et�al.�2024) is needed to understand the historical im-
pact of these barriers fully, pronounced seasonal variability 
in MTDL and Gt is evident from the mid-1990s at locations 
upstream of the barriers, including Old River at Tracy Blvd 
Bridge and Middle River at Mowry (Figures�3D,E and 5D,E). 
Thus, time series documenting Gt provide insight into the 
tidal response to physical changes in the Delta, such as chan-
nel dredging, infilling, or breaching of levees and subsequent 
island flooding.

3.3   |   Futur e Uses

An impactful future use of the dataset is in evaluating flood haz-
ards and their variability in time. Annual extreme water level 
time series at each station are shown in Figures�6 and 7. The 
archival records show that years with a high peak MDTL (e.g., 
1958, 1969, 1983, 1986) generally correspond to years with ele-
vated freshwater discharge events. Similarly, drought years (e.g., 
1977) show a low annual maximum (Figures�6 and 7). Additional 
information, such as the duration, timing, and spatial distribu-
tion of a water event, can be evaluated in the future, along with 
the individual contributions of river discharge, coastal forcing, 
and management decisions to water levels. Because more than 
one event may occur in a year, the daily water level dataset de-
scribed here also improves upon existing compendiums of ex-
tremes in the Delta; these often tabulate the maximum of a few 
events over the entire period of record or are focused on annual 
extremes at a few locations (e.g., https://​sandb​ox.​data.​ca.​gov/​
datas​et/ ​i12-​delta​-​hydro​logy; SJAFCA, 2010). The data described 
here can also be used to validate and improve numerical mod-
elling hindcasts of extremes (see e.g., Nederhoff et�al. 2021) and 
explore some of the factors (such as vertical land motion) caus-
ing non-stationarity in extreme values over time.

4   |   Conclusions

In this effort, we have recovered, digitized, and quality assured 
1570 Station-Years of water level data, where 683 Station-Years 
were obtained through data rescue efforts. The total number 
of unique years in the dataset is 1846, with 915 unique years 
digitized. The period of record for the 25 stations varies from 
40 to 109 years (for definitions of these terms, see Section�2.2). 
These data provide valuable information for further study of 
changing water levels and hazards in the environmentally and 
economically important Sacramento-San Joaquin Delta region. 
The archival effort required locating and recovering hard cop-
ies of historical water level records from state archives and state 
reports, digitization and data-entry of hard copy data, data col-
lation, quality assessment, and datum control. All records have 
been reduced to a common datum (NAVD88). The 25 digitized 
records capture daily maximum and daily minimum water lev-
els along three Delta tributaries, as well as western Delta and 
eastern San Francisco Bay locations near the confluence of the 
San Joaquin and Sacramento Rivers. Water level data were ex-
tended by between 19 and 39 Station-Years at each of the 25 
Delta stations. For all but two stations, the Unique Years metric 
exceeds 60 years, with a maximum of 98 Unique Years avail-
able at Mokelumne River, New Hope Bridge and Rio Vista on 
the Sacramento River. The longest site record, at Rio Vista on 
the Sacramento River, is 72% complete from 1915 to the end 
of 2023.

FIGURE �     |    Annual extreme water levels at Northern Delta and Suisun Bay stations. The largest recorded maximum water level (m, NAVD-88) 
is printed beside each station location. For stations where CDEC peak records differ from those obtained from our digitized time series, the larger 
of the two values is shown (A). Larger circle size indicates higher values. River discharge time series is from the Sacramento River at Freeport (B). 
Time series of annual peak water levels at each station (solid coloured lines) are shown (C–N), with colours defined in (A). The winter seasonal Mean 
Higher High Water (MHHW), the average of daily maximum water levels from October—March, is shown (dashed lines, C–N). Black, open-faced 
circles reflect “Peak of Record” water levels as recorded in CDEC station metadata (https:// ​cdec.​water.​ca.​gov/​webgi​s/?​appid​= ​cdecs​tation).
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FIGURE �     |    Annual extreme water levels at Southern Delta stations. River discharge time series is from the San Joaquin River, at Vernalis (B). 
Time series of annual peak water levels at each station (solid coloured lines) are shown (C–O), with colours defined in (A). The winter seasonal Mean 
Higher High Water (MHHW), the average of daily maximum water levels from October – March, is shown (dashed lines, C–O). All other details as 
in Figure�6.
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The records compiled here provide a density of data coverage 
and duration that is (at present) likely unique among deltaic 
systems. By recovering multiple time series, we produce nearly 
century-scale records that span a period of large industrial and 
environmental change, including the implementation of the 
California Water Project (CADWR 1966), widespread dredging 
related to shipping activities (Barnard et�al.�2013), levee failure 
and subsequent island flooding, and most recently wetland res-
toration efforts. Trends in tidal properties and RSLR are appar-
ent in the data (see Figures�2–5) and are spatially variable. Thus, 
the records may also provide information to help explain past 
(possibly variable) subsidence rates, and time variations in river-
tide interaction (see Jay et�al.�2011; Hoitink and Jay�2016; Guo 
et�al.�2020; Dykstra et�al.�2022; Cai et�al.�2023). Local water man-
agement practices (such as building seasonal barriers) are also 
apparent in the tidal signal (Figure�5). A better understanding of 
such long-term trends and variability in the Delta may improve 
forecasts of climate change effects. Environmental changes in 
the Sacramento-San Joaquin Delta predate but resemble shifts 
currently occurring in other deltas, including the Mekong and 
Pearl River (Nguyen et�al.�2023; Yang et�al.�2022). Thus, future 
studies of this dataset may provide a better understanding of 
long-term changes and the consequences of anthropogenic mod-
ifications and management in the transition zone between rivers 
and oceans. In summary, the data described here can help ex-
tend and improve coastal hazard assessment in the transitional 
zone between coastal and fluvial forcing.
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