

  climate-10-00016




climate-10-00016







Climate 2022, 10(2), 16; doi:10.3390/cli10020016




Article



Assessing Changes in 21st Century Mean and Extreme Climate of the Sacramento–San Joaquin Delta in California



Minxue He





California Department of Water Resources, 1516 9th Street, Sacramento, CA 95814, USA; Tel.: +1-916-651-9634







Academic Editor: Alban Kuriqi



Received: 10 January 2022 / Accepted: 28 January 2022 / Published: 29 January 2022



Abstract

:

This work aims to assess potential changes in the mean and extreme precipitation and temperature across the Sacramento–San Joaquin Delta (Delta) in California in the 21st century. The study employs operative climate model projections from the Coupled Model Inter-comparison Project Phase 5 (CMIP5). Specifically, 64 individual downscaled daily projections (1/16 degree, approximately 6 by 6 km) on precipitation and temperature from 32 Global Circulation Models (GCMs) under two emission scenarios (RCP 4.5 and RCP 8.5) from 2020–2099 are utilized for the analysis. The results indicate increasing warming (in mean, minimum, and maximum temperature) further into the future under both emission scenarios. Warming also exhibits a strong seasonality, with winters expecting lower and summers expecting higher increases in temperature. In contrast, for mean annual total precipitation, there is no consistent wetter or drier signal. On average, the changes in annual total precipitation are minimal. However, dry season precipitation is projected to decline. The study also shows that the number of wet days is projected to decrease while the number of very wet (daily precipitation over 10 mm) and extremely wet (daily precipitation over 20 mm) days is projected to increase. Moreover, the study illustrates that only about half of the changes in total annual precipitation are projected to come from changes in the wettest 10% of wet days. In contrast, a majority of changes in variance of the annual precipitation comes from changes in variance of the wettest 10% of the wet days. This suggests that fluctuations in large storms are projected to dictate the variability of precipitation in the Delta. Additionally, a general upward trend in dry conditions measured by the Standardized Precipitation-Evapotranspiration Index is expected during the projection period. The trending signal is stronger at multi-year temporal scales (one to four years) and under the higher emission scenario. These change patterns are generally similar across three sub-regions of the Delta (i.e., North, South, and West), even though some changes in the South Delta are the most pronounced. This study further discusses challenges posed by these changes to the Delta’s water supply and ecosystems, along with the Delta’s resiliency and potential ways to address these challenges.
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1. Introduction


1.1. Background


It has been well recognized now that Earth’s climate is changing faster than at any other time in modern history [1]. Observed changes include more extreme events (e.g., heat, heavy precipitation, flood, droughts, etc.) [2,3], shrinking snow cover and glaciers [4,5], warming and rising sea [6,7], increasing wildfires [8], among many others. These changes are projected to intensify at an accelerated pace in the future [9,10,11,12]. The observed and projected changes pose growing challenges to our livelihood and the natural environment, particularly in arid and semi-arid regions including California.



California is the most populous state in the United States [13] and the fifth largest economy in the world. Water plays a central role in supporting such a large population (39.5 million) and sustaining the State’s enormous economy. However, water supply and water demand in the State are strikingly mismatched on both spatial and temporal scales. Most precipitation occurs in the northern half of the State, while most of the population and farmland (and thus water demand) is in the southern half. A majority of the precipitation comes during the wet season (October-March), while the water demands are typically the highest during the dry season (April-September) [14]. The State has built a complex water system to redistribute water to counter the mismatch in space and time. This system contains a number of water storage and transfer projects, including the state-owned State Water Project (SWP) and the federal Central Valley Project (CVP) [15,16]. Both projects consist of tens of reservoirs which store rainfall runoff and snowmelt (during late spring and early summer) from mountainous watersheds (so called “rim watersheds”) and hundreds of kilometers of canals, tunnels, pipelines, and aqueducts to transfer water to users. Collectively, these two projects serve over 25 million Californians and more than 15,000 km2 of farmland. The hub of this complex water system is the Sacramento–San Joaquin Delta (Delta) where the largest two rivers in the State (i.e., Sacramento River and San Joaquin River) converge and flow into the San Francisco Bay, which is bounded by the Pacific Ocean on the west (Figure 1). Physically, the Delta is a patchwork of islands mostly used for agriculture. About 1800 km of levees protect these islands from about 1100 km of waterways that surround the islands. Some of these islands are below sea level and are experiencing subsidence due to the oxidation of peat soils, which increases the likelihood of levee failure and island flooding [17,18]. The Delta receives freshwater from upstream reservoirs to which both the Sacramento River and its tributaries on the north and the San-Joaquin River and its tributaries on the southeast drain. Freshwater flowing through the Delta repels salty seawater intrusion from the San Francisco Bay. Ecologically, the Delta is a (one out of 25) biodiversity hot spot with the highest priority of conservation globally [19]. It directly provides habitats or supports about 750 species of plants and animals of which some are near extinction [20]. The physical and ecological features of the Delta largely shape Delta water operations. These operations, centered on SWP and CVP operations, aim to achieve the coequal goals of a reliable water supply and an ecologically sustainable Delta ecosystem [21]. The SWP and CVP pump water out of the southern Delta and delivers it to urban and agricultural users. The pumping time and rates are regulated by state and federal court rules and decisions to ensure that flow and water quality standards at various locations in the Delta maintain compliance, and that additional regulations to protect endangered species are followed [22,23].



In light of climate change risks and their potential adverse impacts to the State, California conducts comprehensive statewide climate change assessments regularly to provide science-based information for developing actions to safeguard the State from expected impacts of climate change. The latest assessment, California’s Fourth Climate Change Assessment (CCCA4), was released in 2018 [24]. CCCA4 produced a range of datasets including statewide daily precipitation and temperature data downscaled via a statistical downscaling technique called Localized Constructed Analogs (LOCA) from a set of 32 GCMs [25]. These models come from a global effort, the Coupled Model Intercomparison Project Phase 5 (CMIP5) [26], which aims to study and intercompare simulations from different climate GCMs. Currently, CMIP is at Phase 6 [27]. However, CMPI6 climate projections have not yet been downscaled to the scale that is suitable for operational use in California. They will likely be incorporated into California’s next Climate Change Assessment.



Based on the datasets produced for CCCA4, a number of studies have been conducted to assess changes in climate at different regions across California and their potential impacts on water resources in the State. The authors of [28] assessed potential changes in future precipitation, temperature, and drought across 10 hydrologic regions in California based on projections from 10 out of 32 GCMs. They showed that the increasing air temperature is clear across all regions, while there is less consensus on the changing direction of precipitation. The research of [25,29] also reported similar observations across the State. Additionally, they projected more extreme flood risks and drought risks as well as remarkable sea level rise. In another study, [30] explored future relationships between large storms and droughts in the Central Valley region using projections from the same 10 GCMs. Results indicated that the largest storms are projected to continue dictating the regimes of wet and dry spells in the State. The results of [31] translated precipitation and temperature projections from these 10 models into snowpack and reservoir storage projections in the Sacramento and San-Joaquin basins as well as unimpaired inflows to the Delta. They found out that snowpack in the Sacramento basin would decline sharply (by 89%), and snowmelt timing would shift earlier (33% more flow arriving before 1 April). Delta inflows were projected to increase in the wet season (up to 63%) and decrease (up to 54%) in the dry season. The authors of [32] presented similar findings in runoff changes across eight rim watersheds that drain into the Delta using the same dataset. The climate projections were also applied to run operational models to simulate reservoir operations and SWP/CVP water supply exports from the Delta to municipal and agricultural users across the State in the future. The authors of [33] explored the impacts of a set of different potential climate change scenarios on the performance of the SWP and CVP systems. They projected declines in all analyzed system performance metrics by 2050. In a companion study using perturbed (rather than directly modeled) runoff projections as Delta inflows, [34] identified similar declines in SWP/CVP system performance by 2060.




1.2. Motivation and Scope of the Study


Those studies focused on changes either in rim watersheds that provide freshwater inflows to the Delta [31,32,33,34] or in large regions that contain the entire Delta [28,29,30]. None of them focused on the Delta exclusively. While Delta water operations (e.g., operations of SWP and CVP facilities in the Delta) are largely dictated by upstream freshwater inflows (which depend on upstream reservoir operations, hydro-climatic variability, and land use changes in rim watersheds) and downstream sea water intrusion (with daily tidal and seasonal variability and which his impacted by sea level rise), local climate in the Delta also plays a role in these operations.



From a water supply perspective, precipitation over the Delta serves as a secondary freshwater source for the Delta, since the primary sources of water are upstream freshwater inflows. In dry years when rim watershed runoff is largely diminished, and upstream reservoir releases are limited, precipitation can be an important supplement, particularly during the wet season when reservoirs need to store water for dry season use. For instance, during the fourth year (2015) of the historical 2012–2015 drought when record-low snowpack and snowmelt runoff along with record-high temperatures were observed [35], Sacramento River basin runoff was about half of its long-term average while San Joaquin River basin runoff was merely a quarter of its historical average. Reservoir releases during the wet winter when most precipitation occurred were minimal. During this year (2015), precipitation over the Delta amounted to about 0.6 billion m3. It is equivalent to 71% of CVP export and 45% of SWP export in that year [36], respectively, even though a majority of the precipitation did not directly contribute to exports. Delta precipitation is nontrivial even during wet years. As an example, in 2011 when Sacramento River basin runoff was 140% of its long-term average and the San Joaquin River basin runoff was nearly double its average amount, Delta precipitation was equivalent to 35% of CVP export and 23% of SWP export, respectively, during the year [36]. From an ecological perspective, changes in Delta temperature likely have profound impacts on Delta water quality and species. These changes, when compounded with changes in precipitation (e.g., deficit-induced drought), could increase the risk of levee failure (e.g., from soil strength reduction, land subsidence and erosion, fissuring and soil softening, and soil organic carbon oxidation [37]), leading to the flooding of islands protected by the levees and thus the change of habitats that supports native species.



In addition, those studies [28,29,30,31,32,33,34] used projections from carefully selected subsets of all 32 GCMs (to meet specific criteria as resources limitations often make including all GCMs unfeasible) available in CCCA4. The information contained in other GCMs remained unexplored. However, as [29] pointed out, large uncertainties in precipitation projections (versus high consensus in warming) imply that adaptations to precipitation changes and water supplies should focus on increasing the range of possible future scenarios.



The current study aims to shed light on potential changes in the mean and extreme climate of the Delta during the 21st century and discuss their implications for water resources planning and management in the Delta. This study extends those previous studies in the context of (1) capitalizing on the whole suite of 32 available GCMs to explore the widest possible range of future climate scenarios operationally available in California; and (2) focusing on the changes in the Delta area specifically while discussing the implications of these changes along with changes projected for other parts of the water system (discussed in previous studies) on the Delta’s water supply and ecosystem.




1.3. Structure of the Paper


The rest of the paper is organized as follows. Section 2 introduces the study area, the datasets utilized, and the variables and metrics explored. Section 3 presents the findings of the study. Section 4 discusses these findings, challenges associated with them, their implications on the resiliency of the Delta, as well as potential future work.





2. Materials and Methods


2.1. Study Area


California Department of Water Resources (DWR) divides the State into ten hydrologic regions as water resources management goals, and challenges vary across these regions (Figure 1a). Different regions tend to have different hydro-climatic characteristics. Generally speaking, the climate tends to be drier and warmer towards the southern regions. The Sacramento–San Joaquin Delta (including the Suisun-Marsh area) contains the trijunction of three hydrologic regions and covers portions of each. These three hydrologic regions are the Sacramento River Region, San Joaquin River Region, and San Francisco Bay Region (Figure 1a,b). The Delta receives freshwater inflows from the Sacramento River on the north and from San Joaquin River on the south. A couple of tributaries of the San Joaquin River including the Mokelumne, Cosumnes, and Calaveras Rivers also contribute freshwater into the Delta from the east. The freshwater serves the threefold purpose of (1) repelling salt water intrusion from the San Francisco Bay; (2) contributing to SWP and CVP exports as well as in-Delta diversions for urban and agricultural use (SWP and CVP intakes are depicted in Figure 1b); and (3) satisfying consumptive use and channel depletion. Freshwater inflows from upstream reservoirs along with operations of in-Delta hydraulic structures aim to maintain satisfactory water quality. Those structures include the Delta Cross Channel (DCC; Figure 1b) in the North Delta and the Suisun Marsch Salinity Control Gates (SMSCG; Figure 1b) in the West Delta. Temporary barriers are also utilized on an as-needed basis. Figure 1b shows the location of a Drought Barrier (DB) installed (and later removed) in the South Delta in 2015 and 2021 to minimize salt intrusion into the Delta as available freshwater water inflows in that year were very limited. Accordingly, this study divides the Delta into three sub-regions including North Delta (located in the Sacramento River Region), South Delta (San Joaquin River Region), and West Delta (San Francisco Bay Region).



Historically, South Delta is the warmest and driest sub-region. In contrast, West Delta is the wettest and coolest (Table 1). While the average temperature varied by no more than 0.5 °C across the regions (15.9–16.4 °C), there was more variation in annual average precipitation (329–449 mm). North Delta is closer to West Delta in terms of annual precipitation received, while it is closer to South Delta in terms of temperature. For all three sub-regions, on average a third of the days each year are rainy (daily precipitation > 0 mm). North Delta observes slightly more rainy days than the other two sub-regions. Very wet days (with daily precipitation over 10 mm) are much rarer (between 2% and 4%) than wet days. The extremely wet days (daily precipitation > 20 mm) are even rarer, accounting for less than 1% of the time (e.g., a few days per year) (Table 1). Among three sub-regions, relatively speaking, West Delta (South Delta) experiences the highest (lowest) amount of very wet events and extremely wet events. This is consistent with topographic and storm track features of the region. The wettest storms have flow from the southwest to the northeast, which would be consistent with the western Delta having the most very wet or extremely wet precipitation events that then diminish in amount as the storms move across the North Delta. The southern Delta is in the rain shadow and receives less precipitation. In water resources operations, in addition to mean values, metrics that represent more extreme events such as the 90th percentile (below which 90% of the observations fall) are commonly explored to inform decision making. As expected, West Delta has the largest 90th percentile of daily precipitation (11.2 mm), while South Delta has the smallest value (8.3 mm, 26% smaller that its counterpart in West Delta).




2.2. Study Datasets


This study employs daily climate projections on precipitation, and maximum and minimum temperature from water year 2020 through 2099. Those projections are derived from a set of 32 GCMs (Table A1 in the Appendix A) that participate in the Coupled Model Intercomparison Project Phase 5 (CMIP5) under two emission scenarios named Representative Concentration Pathways (RCP) 4.5 and RCP 8.5, which are available in CCCA4 [25]. RCP 8.5 is the high emission scenario, which assumes that greenhouse-gas emission continues to rise as usual throughout the current century. RCP 4.5 is the lower emission scenario, in which greenhouse-gas concentrations become stabilized at a concentration 4.5/8.5 as large as in the RCP 8.5 scenario by 2099. These 64 (32 GCMs, 2 emissions) scenarios define a future climate projection distribution. These projections are downscaled to a spatial resolution of 1/16th degree (about 6 km by 6 km) via the Localized Constructed Analogs (LOCA) statistical downscaling approach [39]. LOCA is designed to better represent extreme weather conditions on a daily scale and avoid non-physical changes to the original GCM projections [25]. The limitation of LOCA is that, as other statistical downscaling methods, it assumes historical relationships between the original coarse scale and the target fine scale (1/16th degree in this case) data and will persist into the future [31]. These downscaled projections serve as the backbone for the 2018 CCCA4 (http://cal-adapt.org/, accessed on 1 January 2019), which provides “the scientific foundation for understanding climate-related vulnerability at the local scale and informing resilience actions” across California [24]. GCM simulations of historical-period daily precipitation, and maximum and minimum temperature (driven by historical radiative climate forcings) for the 40-year period of water year 1960–1999 were utilized in this analysis as the historical climate baseline to benchmark aforementioned projections of those models. Specifically, the entire projection period is divided into two 40-year periods: the mid-century, from water year 2020–2059, and the late-century, from water year 2060–2099. Changes are obtained by comparing projections in these two future periods against historical simulations during the baseline period. In addition, when analyzing historical climate of the study areas, the observational dataset of daily precipitation and maximum and minimum temperature from water years (October to September) 1916–2011 of [38] are applied. They are gridded data (at the same spatial resolution as those climate projections and simulations from these 32 GCMs) derived from daily precipitation and temperature observations at approximately 20,000 U.S. National Oceanic and Atmospheric Administration Cooperative Observer (COOP) stations [38].




2.3. Study Variables and Metrics


When looking at changes in a mean sense, the study focuses on typical climatological variables including annual precipitation, wet season (October-March) precipitation, and dry season (April–September) precipitation, mean annual temperature, and mean monthly temperature



When examining changes in an extreme sense, variables including the number of wet days (with daily precipitation greater than 0 mm), very wet days (with daily precipitation exceeding 10 mm), and extreme wet days (with daily precipitation above 20 mm), contributions to total precipitation and precipitation variance from the wettest 10% days and from the remaining wet days (refer to Appendix B for detailed explanation), annual and monthly maximum and minimum temperature, and annual and monthly diurnal temperature range (DTR) are investigated. The wet season precipitation predominantly relies on a handful of big storms during a limited number of wet days. A wet season having fewer or more than the average amount of such events can be particularly dry or wet [14]. Therefore, understanding how these extreme events may change in the future and how their contributions to the mean and variance of annual precipitation change is foremost in making any adaptive plans on future water management practices. The Delta provides a habitat for over 55 fish species and more than 750 plant and wildlife species, of which many are sensitive to extreme temperature in addition to extreme precipitation (i.e., flooding and drought). The most recent example is the 2012–2015 state-wide drought (characterized by record low precipitation and record high temperature), which decimated millions of trees in the State and pushed several fish species closer to extinction [40]. Specifically, about 102 million forest trees were decimated during the drought due to reduced soil moisture. The death of these trees has profound implications for public safety, erosion, and wildfire. In addition, water quality has declined, and the habitat for native fish species (e.g., winter-run salmon) has been impaired [40]. In this regard, exploring changes in those variables also have important environmental implications.



As droughts can cause devastating consequences to the Delta, in addition to looking at precipitation and temperature separately, this study further examines a drought index, which considers the compound impact of precipitation and temperature [41,42]. The index, Standardized Precipitation-Evapotranspiration Index (SPEI), first calculates the monthly discrepancies between precipitation and potential evapotranspiration, which is derived from temperature. Monthly discrepancies can be aggregated to different time scales (e.g., 12-month, 24-month, 36-month, 48-month, among others) to calculate SPEI values at corresponding temporal scales. A Log-logistic distribution is then applied to fit the discrepancy time series. Finally, the SPEI value is determined as the standardized values of the probability distribution function of the discrepancies (details provided in Appendix B). SPEI values smaller and greater than 0 typically indicate dry and wet conditions, respectively. SPEI values less than −2 and larger than 2 designate extreme drought and extremely wet conditions, respectively. This index compares favorably to other popular drought indices [41,42], but with the advantage of implicitly considering the impact of temperature on drought. This makes it particularly suitable in assessing drought conditions in future warming scenarios. This study assesses the SPEI values on an annual scale (SPEI-12), two-year scale (SPEI-24), three-year scale (SPEI-36), and four-year scale (SPEI-48), as drought occurs in California at those time scales in many instances [35]. It is essential to explore future drought conditions at those scales for adaptive planning purposes. Rather than analyzing changes in specific SPEI values, this study examines the overall trend in SPEI during the entire project period (2020–2099). It is difficult to predict when drought events may occur at which level of severity in the short-term to medium-term range (e.g., one year ahead), not to mention well into the future. Under these circumstances, the changing tendency (i.e., trend) in drought conditions is more accurate and meaningful than specific changes in drought severity and frequency, as there are numerous uncertainties associated with the latter. Specifically, the trend information casts light on when one or more operational thresholds may be exceeded and, consequently, a different set of operational rules will be applied, or investments will need to be made in advance to prevent that from occurring. Using the entire project period rather than two equal sub-periods (mid-century and late-century) provides enough of a sample size (80) to develop more statistically reliable trend information. The study employs the widely used non-parametric Mann–Kendall test [43,44] in assessing the significance of trend in SPEI with a significance level of 0.05. The slope of a significant trend is determined via the Theil–Sen approach [45,46], referring to Appendix B for details.





3. Results


This section first examines Delta climate based on the Livneh historical data [38]. Projected changes in mean and extreme climatic variables are explored next, followed by the drought trend in the Delta.



3.1. Delta Climate


Historically, the Delta receives about 370 mm of precipitation annually on average, as calculated from the Livneh historical precipitation data from water year 1916–2011 [38]. However, precipitation across the Delta is not uniformly distributed. As indicated in Table 1, relatively speaking, West Delta is the wettest (annual precipitation 449 mm), while South Delta is the driest (annual precipitation 329 mm). This is likely due to the fact that the local storms typically track west (Pacific Ocean) to east (inland) and that the Southern half of the State is generally drier that the Northern half. A majority portion of the precipitation occurs during the wet season (October-March) due to the Mediterranean climate of these three hydrologic regions where the Delta is located. The dry season (April-September) precipitation only accounts for 12–13% of the annual total precipitation across three Delta sub-regions (Figure 2a). About half (49%, 47%, and 48% for North, South, and West Delta, respectively) of the annual total precipitation comes from the wettest 10% of wet days, and the rest comes from all remaining wet days (Figure 2b). In spite of the nearly equal contributions of top 10% wettest days and the remaining wet days to mean annual total precipitation, the contributions to variance from the 10% wettest days is about three times as much as that from the remaining wet days (Figure 2c). For instance, the variance of the largest 10% of storms (namely, precipitation events in the top 10% wettest days) is as big as 56% of the variance of annual total precipitation. In contrast, the variance of the smaller storms (namely, precipitation events in the remaining wet days) is only 18% as large as that of annual total precipitation. This suggests that variations in the largest 10% of storms dictate the variations in annual precipitation. Taking one step further, measured by the square of the Pearson correlation coefficient (a measure of the strength of the relationship between two variables) between water year total precipitation and water year contributions from two categories of storms, the largest 10% of storms explain over 80% of the total precipitation variance, while the remaining storms explain only slightly over 50% of it across all three sub-regions (Figure 2d). These contrasting features of two water-year contributions (from largest 10% of storms and remaining storms) to mean and variance of total annual precipitation are also evident by looking at annual time series of the annual precipitation and two separated contributions together (e.g., Figure A1 in the Appendix A). Simulated precipitation from the 32 GCMs also reflects the observed fractional mean and variance contributions in a general sense (Figure A2 in the Appendix A).



The long-term mean annual maximum, average, and minimum temperature values of the Delta are about 23.1,16.3, and 9.4 °C, respectively. Across three sub-regions in the Delta, temperature varies slightly with differences less than 1 °C (Figure 3a). Overall, South Delta is the warmest, while West Delta is the coolest, as it is closer to the coastal climate compared to South Delta and North Delta. As expected, all three temperature variables exhibit strong seasonality, with the lowest temperature values in December or January and the highest values in July. Figure 3b shows the long-term mean monthly maximum, average, and minimum temperature of North Delta (the pattern is similar for South Delta and West Delta). Monthly average temperature ranges from 8.0 °C (January) to 23.5 °C (July). The diurnal temperature range (DTR; difference between daily maximum and minimum temperature) varies from 9.0 °C in January to 18.5 °C in July.



Figure 4 illustrates SPEI values calculated on an annual scale and multi-year (up to four years) scales for West Delta. On the annual scale (Figure 4a), SPEI generally parallels the annual precipitation variation pattern (e.g., Figure A1 in the Appendix A). The alternation of dry conditions and wet conditions largely mimics that of the below-normal precipitation years and above-normal precipitation years in annual precipitation time series (e.g., Figure A1). On longer time scales (Figure 4b–d), it is evident that the longest dry and wet spells become longer, accordingly. For instance, on one to four-year scales, the longest wet periods with consecutive positive SPEI values are 6 (1995–2000), 8 (1993–2000), 9 (1979–1987), and 12 (1965–1976) years, respectively. This is because, on multi-year scales, SPEI values reflect not only the conditions of the current year but also of the previous year(s). The overall trend in the SPEI index at each temporal scale is also assessed. A positive trend is detected for each of them (on one to four-year scales), indicating that the climate during the analysis period from water year 1916–2011 is trending toward wet. The trend slope is steeper at longer time scales, while the corresponding p-value becomes smaller. This suggests that the trend signal is stronger and more compatible at longer temporal scales. It is worth noting that the trend of the annual SPEI is not compatible. Trend assessment is also conducted for the North Delta and South Delta at those four temporal scales. The trends identified are all positive (Table A2 in the Appendix A), but are less compatible with wetter or drier tendencies during the historical period from 1916–2011.



Overall, the Delta has the typical Mediterranean climate, with dry and warm summers as well as wet and cool winters. Among three sub-regions, on average, South Delta has historically been the driest and warmest, with the least number of extreme storms (quantified by number of very wet and extremely wet days), while West Delta is the wettest and coolest, with the largest number of extreme storms. In the historical period (water year 1916–2011), there is no trend toward wetter or drier conditions in general.




3.2. Projected Changes in Mean Climate


Comparing projected mean annual total precipitation during mid-century and late century to the corresponding GCM-based baseline simulations under historical climate forcings (Figure 5a), the 32 climate models produce large variations in precipitation changes ranging from about −40% up to around 60%. This is in line with a widely recognized feature of climate projections in the broader Central Valley region that there is no consensus on the change direction (i.e., wetter or drier) of future precipitation across different climate models [28,29]. The variation ranges are generally larger for the higher emission scenario RCP 8.5 (versus lower emission scenario RCP 4.5) and during the late-century (versus the mid-century), indicating more uncertainty in precipitation projections under higher emissions and further into the future. In spite of large variations in these precipitation projections, on average (in a median sense), the changes are fairly small under both emission scenarios during two future periods. The absolute median changes are consistently less than 3% from the historical baseline. Comparing three sub-regions, the changes in projected precipitation in North Delta and West Delta are similar to each other. One notable difference in the driest South Delta region is that its 75th percentile (and above) precipitation changes are generally smaller than their counterparts in other two sub-regions under all four scenarios considered here. This suggests that the top 25% changes for South Delta are smaller than that of the other two sub-regions.



In contrast, the warming signal in mean annual temperature change is clear and consistent across all 32 climate models (Figure 5b). This is also consistent with previous findings on warming in the broader Central Valley region [28,29]. Warming in the late-century is clearly more significant (about 0.8 °C under RCP 4.5 and 2 °C under RCP 8.5) than that of the mid-century. Comparing two emission scenarios, during the mid-century, the warming associated with RCP 8.5 is slightly higher (about 0.3 °C) than that of RCP 4.5. In late-century, however, the gap (about 1.5 °C) becomes much larger. On average, the warming magnitude across three sub-regions is fairly similar.



In addition to changes in annual total precipitation, changes in wet season (October-March) and dry season (April-September) precipitation are also explored (Figure 6). The change pattern in wet season precipitation (Figure 6a) under each scenario is similar to that of the total annual precipitation (Figure 5a), suggesting that wet season precipitation fluctuations dictate total precipitation fluctuations. This is not surprising, as wet season precipitation historically accounts for over 80% of total annual precipitation (Figure 2). For dry season precipitation, over 60% of all 32 GCMs project decreases under both emission scenarios during both future periods. The changes range from −17% to −5% on average, with the largest decreases expected under RCP 8.5 during the late-century (Figure 6b). All three sub-regions tend to have similar change pattern in dry season precipitation under each scenario. The “dry season gets drier” feature has also been reported in other regions of California [28,32,47].



Changes in temperature are also examined in a finer temporal (i.e., monthly) scale (Figure 7). Firstly, similar to the change pattern in annual mean temperature (Figure 5b), the warming magnitude is higher during the late-century than during the mid-century. It is also higher under the high emission scenario than under the low emission scenario. The differences in warming magnitude between two emission scenarios during the mid-century are generally mild. They become more pronounced during the late-century. Secondly, it is evident that these changes exhibit strong seasonality, as the temperature itself does (Figure 3b), with less warming in winter months and more warming in summer months. Furthermore, during cool months from December to April, South Delta tends to have the most significant warming across the three sub-regions. In comparison, the warming signal in North Delta during warm months from May to October is generally the strongest among all three sub-regions.



In short, all GCMs agree on warming over the Delta throughout the end of this century. The warming exhibits strong seasonality, with higher warming expected in the summers and less warming in winters. Across three sub-regions, on average, the coolest South Delta is projected to have the largest warming in winters, while the North Delta is projected to experience the largest warming in summers. Conversely, there is much less certainty on projected changes in precipitation, which tend to be dominated by changes in wet season precipitation. Nevertheless, a majority of GCMs project declines in dry season precipitation. Particularly, the median changes in dry season precipitation are consistently negative (i.e., drier than the baseline) across all sub-regions under both emission scenarios during two future study periods. In comparison, there is no such consensus for the median changes in annual total precipitation and wet season precipitation. Those changes can either be positive or negative but are generally small in magnitude with absolute values less than 3%. On average, the relative wetness and warmness among the three sub-regions tend to stay unchanged from the historical conditions at the annual scale. Namely, West Delta is expected to be the wettest and coolest, while South Delta is expected to be the driest and warmest.




3.3. Projected Changes in Extreme Climate


As previously discussed in Section 2.3, mean and variance contributions from the 10% largest storms (to total precipitation and precipitation variance, respectively), the number of three types of wet days (wet, very wet, and extremely wet), minimum and maximum temperature, and the diurnal temperature range are used to represent extreme climatic variables in this study. This section examines changes in these variables.



Looking across the 32 GCMs’ projection distribution used in this study (Figure 8), across three Delta sub-regions during both future periods under two emission scenarios, changes in contributions to annual total precipitation from the wettest 10% of storms (interchangeable with the wettest 10% of wet days hereinafter) and the remaining storms (interchangeable with the remaining wet days hereinafter) exhibit strong linear relationships to change in annual precipitation. It is also clear that change in mean contribution from the wettest days (red circles) and changes in mean contribution from the remaining days (blue squares) largely overlap each other. This indicates that changes in contribution from each type of storm roughly accounts for about half of the change in annual total precipitation, similar to the 50-50 split in their contributions to annual precipitation (Figure 2b). This can be also explained by the fact that the strength of the linear relationship between precipitation change and contribution change from the wettest 10% of wet days is fairly close to its counterpart between precipitation change and contribution change from the remaining wet days (Table A3). However, for large increases (>25%) in annual precipitation, the contribution from the 10% wettest days seems larger than that from the remaining wet days. This is particularly true for the wettest model during the late-century, which projects about 50% increases in annual precipitation. In this case, the contributions from the 10% wettest days are nearly twice that from the remaining wet days. Contrariwise, for large decreases (<−10%) in annual precipitation, contributions from the remaining wet days are larger than contributions from the 10% wettest days. This is more noticeable during the mid-century than in the late-century. It is also evident that the change signals are generally stronger during the late-century (versus mid-century) under RCP 8.5 (versus RCP 4.5). In particular, the largest increase and decrease in annual total precipitation (along with the changes in contributions from two types of wet days) occur during the late-century under RCP 8.5. Comparing three sub-regions, their change patterns are fairly similar to each other. The changes in North Delta and South Delta are slightly more spread out than that of West Delta. This suggests that the strength of the linear relationship between the annual precipitation change and the contribution changes associated with the latter is higher than that of the former (Table A3).



On average, however, precipitation changes are generally small. The absolute value of the average of individual changes derived from 32 GCMs is generally around or smaller than 3% for three sub-regions under two emission scenarios during both future periods (Table 2). Changes in mean contribution from the 10% wettest days are all positive except for one case (South Delta under RCP 4.5 in mid-century), indicating more such wet days in the future no matter how the annual precipitation changes. Changes in mean contribution from the remaining wet days are mixed across three sub-regions. Nevertheless, South Delta is expected to experience decreases in contributions from smaller storms in the remaining wet days in all scenarios. The highest increase in annual precipitation ranges from 17% to 27% under RCP 4.5 during both the future period and under RCP 8.5 during the mid-century (Table 2). For RCP 8.5 during the late-century, the increase is up to 49% (West Delta). Among three sub-regions, the increases in South Delta are the smallest. During the mid-century, contributions to these increases from the top 10% wettest days and the smaller storms are fairly close to each other. The contributions from the top 10% wettest days are slightly higher. During the late-century, however, the contribution from the top 10% wettest days becomes more dominant. The highest decrease in annual precipitation varies from about 15% (West Delta under RCP 8.5 during the mid-century) to 35% (South Delta under RCP 8.5 during the late-century). Contributions to the decline from the smaller storms are generally more pronounced than the contributions from the 10% wettest days.



Changes in the variance of total precipitation also vary largely from model to model (Figure 9). Comparing three sub-regions, the variation range of South Delta is the smallest on average, which is similar to changes in mean annual precipitation, as illustrated in Figure 8. During the mid-century, changes in precipitation variance range from −43% (South Delta) to 123% (North Delta) under RCP 4.5 (Figure 9; Table A4 in the Appendix A). Under RCP 8.5, the increase magnitude is generally milder, while the decrease magnitude is more significant. Specifically, the changes vary from −59% (West Delta) to 81% (North Delta). During the late-century, the changes are even wider as expected. The variation ranges are from −52% to 151% and from −59% to 399% for RCP 4.5 and RCP 8.5, respectively. The changes in the variance of the top 10% wettest days generally mimic the changes in precipitation variance, though the magnitude of the former is smaller than the latter. A strong linear relationship (represented by the red circles in Figure 9) between them is evident. Meanwhile, there seems to be a linear relationship (blue squares in Figure 9) between changes in the variance of the remaining (smaller) storms and changes in precipitation variance as well. However, the strength of the relationship is markedly weaker. These observations indicate that, similar to the historical baseline, variability in large storms is expected to continue dictating the variability of annual precipitation in the Delta in mid-century and late-century.



Different from changes in the mean contributions (roughly 50-50 split) from the 10% wettest days and the remaining wet days as depicted in Figure 8, these changes in precipitation variance mostly come from changes in the variance of the wettest 10% of storms (red circles in Figure 9). This is also evident by examining the percent of change in precipitation variance explained by changes in variance contributions from wettest 10% of storms and remaining smaller storms, respectively (Table 3). Under RCP 4.5, changes in the variance of the wettest-day contribution explain around and over 80% of the change in precipitation variance while their counterparts of the remaining wet days are consistently less than 30%. Under RCP 8.5 during the mid-century, the percentages explained by changes in the variance of the wettest-day contribution are still over twice their counterparts from the remaining wet days. Under RCP 8.5 during the late-century, though percentages explained by changes in the variance of the remaining day contribution increase largely (to 50–60%), they are still much smaller compared to those from the wettest-day contribution (above 86%). Looking across three sub-regions, changes in the wettest-day contribution of South Delta have the smallest percentages under both emission scenarios during both future periods, while it is the case for North Delta for changes in the remaining day contribution. Put differently, variations in the wettest 10% of storms in the driest sub-region explain the variations in total precipitation the least. In comparison, in the wettest sub-region, the remaining smaller storms explain the variations in total precipitation the least. This suggests higher dominance of the wettest storms in wetter sub-regions on year-to-year variation in precipitation.



In addition to changes in the mean and variance of annual precipitation as well as their wettest-day and remaining-day contributions, changes in the number of wet days, very wet days, and extremely wet days are also investigated (Figure 10). A majority (>75%) of GCMs project decreases in the number of wet days per year (Figure 10a). The median decreases under RCP4.5 are slightly smaller compared to their counterparts under RCP 8.5. The differences among three sub-regions are fairly small (less than 0.3%).



Comparing to changes in the number of wet days, the changes in the number of very wet days are different in terms of both direction and magnitude. As depicted in Figure 10b, under RCP 4.5 during the mid-century, the median changes in the number of very wet days are minimal with absolute change values less than 1%. Under RCP 4.5 during the late-century, more than two thirds of GCMs project increases rather than decreases. The median changes are consistently above 5% for three sub-regions. This is also the case for RCP 8.5 during the mid-century. One noticeable difference is that the median change for South Delta is about 7.8% (versus around 5% for the other two sub-regions). Under RCP 8.5 during the late-century, the median changes for three sub-regions are all above 7%. Similar to changes in the number of wet days, the variation ranges of changes in the very wet days are generally wider under a higher emission scenario and further into the future. In terms of magnitude, however, the latter (change in very wet days) is evidently larger. The variation range of RCP 8.5 during the late-century is the largest, particularly for South Delta which ranges from −40% to 75% (versus from −29% to 9% for changes in the number of wet days under the same emission scenario during the same projection period).



In comparison, the variation ranges of changes in the extremely wet days are even wider (Figure 10c), indicating that there is even less consensus among GCM models on how extreme precipitation events are expected to change from the historical baseline. Nevertheless, over two-thirds of models project an increase in the number of extremely wet days, particularly during the late-century where more than 27 out of 32 GCMs project increases. The median changes under RCP 4.5 are consistently above 8% and above 22% during the mid-century and late-century, respectively. Under RCP 8.5, the median increases are over 19% and 31% during the two future periods, respectively. Among three sub-regions, the highest increases are expected over South Delta in all four scenarios particularly for RCP 8.5 during the late-century where a median increase of 49% is projected.



In short, on average, the number of wet days is projected to decrease while the number of very wet and extremely wet days are projected to increase. By and large, this is in line with previous findings that future wet seasons in other places in California will likely be compressed in length, while the magnitudes of wet extremes will increase [11,48].



For temperature, changes in annual maximum and annual minimum temperature are first examined (Figure 11). It is clear that three sub-regions share some common change patterns. First, all changes are positive, meaning that warming is expected in both temperature variables. Second, warming magnitude becomes larger under higher emission scenarios further into the future. Third, there is roughly a linear relationship between warming in the maximum temperature and warming in the minimum temperature. This implies that GCMs project similar ratios of warming in the maximum temperature over warming in the minimum temperature. In general, the relationship is the strongest for West Delta and the weakest for North Delta. It is also stronger during the late-century than during the mid-century. Despite this linear relationship, the magnitude of the warming in maximum temperature differs from that of the minimum temperature. Changes in DTR are also investigated (Figure 11d). In general, over 70% of the GCMs project increases in annual mean DTR for all scenarios except for RCP 8.5 during the late-century. The median DTR difference ranges from nearly no change (West Delta, RCP 8.5 during the late-century) to 0.3 °C (North Delta, RCP 4.5 during the late-century). Among three sub-regions, changes over West Delta is consistently the smallest. Changes in North Delta are slightly higher than that of South Delta.



Looking at the warming in maximum and minimum temperature at a finer monthly scale in a mean sense (represented by the mean of the 32-model ensemble), all three sub-regions also have similar patterns (Figure 12). Firstly, the warming has strong seasonality with the lower warming in winter–spring and higher warming in summer–fall. The highest warming typically occurs in August. Secondly, for a specific scenario, the average warming in the maximum temperature is slightly higher than that of the minimum temperature. Thirdly, for a specific variable (i.e., maximum or minimum temperature), the warming in the late-century is typically 1 °C higher than that of the mid-century under RCP 4.5; the number is slightly higher than 2 °C under RCP 8.5. These patterns persist when looking at all 32 models as a whole (Figure A3 and Figure A4 in the Appendix A).



The changes in monthly DTR exhibit less seasonality compared with changes in maximum and minimum temperature, particularly during the mid-century when the changes are somewhat uniform across different months (Figure 13). Most models project that the changes vary between −1 °C and 1 °C during the mid-century and between −1 °C and 2 °C during the late-century. As for the median changes, they are generally positive across all months under RCP 4.5 except for August during the late-century, where the median changes are near zero. Under RCP 8.5, the median changes in January, February, and August are minimal (near zero) during the mid-century; during the late-century, while January and February also tend to have minimal changes, July to September observe negative changes. This indicates that during these three months under RCP 8.5 in the late-century, warming in monthly minimum temperature is expected to be more significant than warming in monthly maximum temperature. When looking at all 12 months as a whole, however, the changes in DTR are positive, indicating that the warming in the maximum temperature is still larger than the warming in the minimum temperature. Comparing three sub-regions, the differences in DTR changes among them are generally subtle.



All in all, changes in the mean of the wettest 10% of storms and changes in the mean of the remaining storms are projected to contribute equally to changes in mean annual total precipitation on average. However, changes in the variance of the wettest 10% of storm account for a majority of changes in the variance of annual total precipitation. Meanwhile, on average, the number of wet days is projected to decrease, while the numbers of very and extremely wet days are projected to increase. As for temperature, changes in minimum temperature generally parallel changes in maximum temperature, yet the latter are slightly larger in magnitude. Consequently, changes in DTR are positive on average. Among three sub-regions, North Delta and West Delta tend to have the highest and lowest annual DTR, respectively. Additionally, warming in minimum and maximum temperature exhibits a strong seasonality, with higher warming expected in summers and less warming expected in winters. In comparison, the seasonality of changes in DTR is relatively weaker.




3.4. Projected Drought Trend


California, including the Delta area, is prone to drought [30,40]. While the occurrence, severity, and lasting period of drought events are difficult to predict decades in advance, the overall tendency of drought events can inform long-term drought response planning activities. This section examines the trend in projected future drought conditions (represented by the Standardized Precipitation-Evapotranspiration Index (SPEI)) at various temporal scales which are relevant to operational planning practices.



Figure 14 shows slopes in SPEI indices calculated on one- to four-year scales based on precipitation and temperature projections of all 32 GCMs. Under RCP 4.5, over half of the projections have a statistically significant (with p-value less than 0.05) decreasing trend. When the time-scale becomes longer, more projections show a significant decreasing trend, more compatible with drier conditions further into the future. Under RCP 8.5, all projections except for one projection at West Delta on the annual scale have a decreasing tendency. For this exception, the trend is also negative (−0.093/decade). However, its p-value is 0.068, which is slightly higher than the significance threshold level 0.05. Looking at the magnitude of the changing tendency, the trend slope varies largely among different GCMs. This is particularly true for RCP 8.5 projections where there are always a number of outliers, indicative of large disagreement among different models on the extent of future dry conditions even though there is an extremely high consensus on a drier tendency. In addition, the trend slopes associated with RCP 8.5 are generally steeper (with higher absolute values) than their counterparts of RCP 4.5. This suggests more severe dry conditions under RCP 8.5 than RCP 4.5 further into the future. This is expected, as RCP 8.5 projections on precipitation show small discrepancies from that of RCP 4.5 projections, while RCP 8.5 projections on temperature are markedly higher than their RCP 4.5 counterparts (Figure 5), given that the SPEI index is determined from precipitation and temperature collectively.



Among three sub-regions, it is evident that South Delta has the largest decreasing trend on average. This may be explained by the fact that South Delta is the driest and warmest sub-region in the Delta (Table 1) while its projected changes in precipitation and temperature are similar to those changes in North Delta and West Delta. Otherwise stated, the driest and warmest South Delta faces the most severe drought risk in a warming climate, which has also been reported on a hydrological region scale in a previous study [28].





4. Discussion and Conclusions


4.1. Findings


This study provides a close-up look at potential changes in Delta’s mean and extreme climate as well as the overall drought trend in the Delta through the 21st century based on projections from 64 plausible future projections from 32 GCMs under two emission scenarios, RCP 4.5 and RCP 8.5. RCP 8.5 is a “business as usual” emission scenario; RCP 4.5 is a relatively lower emission scenario that assumes mitigation actions will be taken to reduce greenhouse gas emissions. California’s Fourth Climate Change Assessment (CCCA4) selected these two scenarios to address uncertainty in future concentrations of greenhouse gases [25]. It is worth noting that there are other scenarios (e.g., RCP 2.6 and RCP 6.0) not included in the CCCA4 that may be worth exploring in the future.



Some findings of this study are largely in line with those previously reported in the broader Central Valley region and other regions in California [28,30,48]. Firstly, there is a unanimous agreement among all GCMs that warming conditions are expected in the Delta. Moreover, warming in the maximum temperature tends to be higher in most months than that of the minimum temperature. In addition, the warming exhibits a strong seasonality, with summers and winters expecting more and less warming, respectively. There is also a weaker seasonality in changes of the diurnal temperature range. Furthermore, the warming signal is stronger in the late-century (versus the mid-century) under the higher (versus the lower) emission scenario. Secondly, there are large uncertainties on the direction of precipitation changes. The uncertainties become even larger during the late-century under the higher emission scenario. Despite uncertainties on changing direction (decrease or increase) for annual precipitation, the dry season (April-September) in the Delta is projected to be even drier. In the meantime, the number of wet days is projected to decrease while the number of big storms (represented by number of very wet days and extremely wet days) is expected to increase. Thirdly, there is a tendency that drier conditions in the Delta are expected further into the future, particularly under the higher emission scenario.



A new key finding of this study is that historically the wettest 10% of storms in the Delta contribute nearly half of the mean annual precipitation and make up three-fourths of the variance of annual precipitation. Projected changes in the mean and variance of annual precipitation reflect similar changes in the mean and variance of the largest 10% of storm contributions. Specifically, changes in the amount of wettest 10% of storms and the amount of the remaining storms contribute equally to changes in mean total annual precipitation for most GCM projections. For the wettest projection (largest increase in precipitation), however, the contribution from the wettest 10% of storms is relatively bigger, particularly under the higher emission scenario. Conversely, for drier projections (decrease in precipitation), a greater contribution comes from the remaining storms.



Another new finding of this study is that even though three sub-regions of the Delta share similar change patterns, their change magnitudes are not uniform. A noticeable difference is that South Delta is the only sub-region where more than half of climate models project no change or decreases in annual total precipitation. Meanwhile, warming in annual mean temperature in South Delta is slightly higher than that of two other sub-regions. Consequently, South Delta is expected to face the most severe drought risks as it is expected to receive the least amount of precipitation and experience the highest increase in temperature among three sub-regions, particularly under the higher emission scenario. Another difference is that, on average, contributions to changes in mean and variance of annual precipitation from the wettest 10% of storms in South Delta are less than their counterparts in North Delta and West Delta. These differences imply that different adaptative strategies may be required for South Delta, which is the driest and warmest and thus most vulnerable sub-region of the Delta.




4.2. Challenges


These findings pose a number of challenges to the Delta’s water supply reliability and ecosystem health. Firstly, warming temperatures will most likely lead to increased consumptive use and thus increased water demand in and out the Delta. Meanwhile, decreasing dry season precipitation means that the Delta would rely more on upstream reservoir release to meet water demand during the dry season, while the dry season reservoir release is expected to be less reliable as warming shifts wet season precipitation partitioning and leads to more winter runoff and less spring-summer snowmelt that replenishes reservoir storage. Additionally, increases in minimum temperatures would likely decrease the number of chill days. Some crops in the Delta require a certain number of chill days to break dormancy and start flowering. With fewer chill days, the crops may not flower and thus be less productive.



Secondly, variations in large storms are projected to continue dominating variations in total precipitation and thus the wet and dry spells of the Delta. Particularly, extreme storms are expected to occur more frequently in general. Along with projected sea level rise, increasing extreme storms increase flood potential and the failure risk of the already aging levee system in the Delta. On the other end of the spectrum, dry conditions are projected to increase especially under the higher emission scenario. Drier conditions lead to higher risks of subsidence of the land masses in the Delta, which in turn also increase the possibility of levee breach [37]. Levee failures, either caused from flooding or drought, threaten both water supply reliability and ecosystem health in the context of compromising on the safety of the water delivery system, increasing water pollution (e.g., turbidity) and water quality decline (e.g., island inundation induced salt intrusion), among others.



Even more concerning is the compound of warming and drought (so-called warm drought) that is projected to occur more often in the Delta. Warm droughts are expected to reduce freshwater inflows to the Delta while increasing water temperature in the Delta (besides increasing levee-stability risks), forming a dual threat (not enough freshwater nor dissolved oxygen [49]) on aquatic species [50,51].




4.3. Delta Resiliency


The Delta has its own natural and structural resiliency to address these challenges (to a certain extent). One example is the response to the most recent 2012–2015 warm drought, which is characterized by record-high temperature, record-low snowpack, and large deficit in precipitation statewide [35,52,53]. The drought, a potential precursor of the “new-normal” in the future [54], highlighted the vulnerability and tested the resiliency of the current water system in the Delta. Changes in both the Delta operations (including operating the reservoirs feeding freshwater into the Delta) and the Delta’s infrastructure framework were made to manage the drought. Exports of SWP and CVP were dramatically cut due to significantly reduced freshwater inflows. A temporary emergency drought barrier (Figure 1) was installed in South Delta to block landward salt intrusion into the intakes of SWP and CVP [55].



Another example was the re-operation of the Suisun Marsh Salinity Control Gates (SMSCGs; Figure 1) during the summer of above-normal and below-normal years [56]. SMSCGs are typically operated from October to May when salinity measurements at compliance locations in West Delta exceed preset thresholds. When in operation, the gates are open on ebb tides to allow freshwater from North Delta and South Delta flow into the marsh; on flood tides, the gates are closed to retain freshwater inside and reduce saline water intrusion into the marsh. In 2018, DWR conducted a pilot project to re-operate the gates in August. The re-operation turned out to be very effective in terms reducing salinity in and improving the habitat for Delta Smelt in West Delta [56].



Other adaptive measures including farmland idling, water conservation, and relaxed regulatory requirements have been all applied during the 2012–2015 drought with considerable success [36,40]. Nevertheless, it is hard to predict whether (or when) the changes projected in the current study and previous relevant studies will exceed or exhaust the Delta’s resiliency or adaptive capacity. It has been advocated that greater integration of monitoring, modeling, and decision making across variables, time, and space are necessary to make the Delta more resilient [29,31,57]. Along the same lines, the next section discusses a few future directions for that work.




4.4. Future Directions


Delta water supply operations and planning activities largely rely on flow, water quality, biological, and other data measured inside and outside of the Delta. The current monitoring stations are generally sparse. Remote sensing techniques can be employed to supplement the current monitoring system and provide better spatial coverage of target variables. The benefits of remote sensing for the Delta are at least threefold. First, remote sensing can be applied in monitoring land subsidence and predicting potential water infrastructure (e.g., levee) failure. This information is of the utmost importance to water supply reliability and ecosystem health in the Delta. Second, remote sensing can be used in estimating farmland evapotranspiration, which is a main component of the consumptive use. Consumptive use plays an important role in Delta’s water budget. It can exceed SWP export in dry years. Third, remote sensing can provide a more comprehensive accounting of the soil moisture, surface water, and groundwater storage. Example applications on these fronts in California include space-based and airborne inter-radar (InSAR), which has been used in monitoring ground deformation and land subsidence in the Central Valley [58,59]; Landsat 8 satellite observations were utilized to estimate evapotranspiration of three mature pistachio orchards in the San Joaquin River region [60]; Gravity Recovery and Climate Experiment (GRACE) satellite data have been employed in analyzing groundwater table depth, storage variations, and groundwater drought in the Central Valley [61,62,63], yet further work needs to downscale the data to be applicable at regional scales (e.g., the Delta region). Despite these promising applications, those remote sensing products have not been directly explored (e.g., InSAR, GRACE) or are in the process of transferring to meaningful operative use in the Delta [64]. Climate change is expected to exacerbate land subsidence and make accurate water accounting (including consumptive use, surface water storage, and groundwater storage) more challenging in the Delta. It is imperative to integrate remote sensing and traditional in situ monitoring systems to advance our understanding on the current status and overall trend of the physical Delta. This understanding informs us on the capability, limitations, and risks of the water system, which collectively lay the foundation for adaptive management of the Delta in a changing climate.



An integrated (hybrid remote sensing and in-situ) monitoring system can increase the certainty on the variables measured but cannot eliminate uncertainties associated with them. Uncertainties arise from many aspects ranging from the system error of the monitoring equipment, representativeness of the measurement, and ignorance, among others. These uncertainties of measured variables that are either directly or indirectly (e.g., calibrate or drive models) applied to inform decision making need to be addressed. In the context of climate change, the largest uncertainties exist in precipitation projections. The number of climate models projecting wetter conditions is nearly identical to the number of models projecting drier conditions (Figure 5). This wide range of uncertainties on the Delta’s main source of riverine inflows would challenge the Delta’s current ecosystems and water operations.



Data is an indispensable building block of the decision-making process. Models simulating complex hydrologic, hydrodynamic, water quality, and biological processes in the Delta are also essential in terms of providing realistic guidance to the Delta’s operations and planning activities. In the Delta, modeling is a common practice in guiding SWP and CVP operations [65] and assessing the feasibility of drought barrier installation [66], Delta restoration [67], and SMSCGs re-operation [56], among many others. While useful, models are complex representations of the reality. There are inherent uncertainties in model structure and parameters.



Uncertainties associated with the data and models involved in Delta modeling practices remain largely unexplored. Instead, multiple models are typically developed for similar modeling purposes in the Delta by different agencies. As an example, there is a suite of hydrodynamic and salinity transport models (e.g., DSM2, SCHISM, RMA, UnTrim, Delft3D, etc.) that have been developed for and (or) applied in the Delta [67,68,69,70,71]. Each model has its own assumptions, configuration, structure, and parameters, and thus may require different ways of uncertainty assessments. One approach to handling model structure uncertainty is the multi-model ensemble method. The method capitalizes on the strengths of each model, while yielding better performance than using individual models. This can be achieved by assigning different weights to different model results, yielding a single set of weighted average model outputs. This approach will be explored in the future work.




4.5. Concluding Remarks


This study is the first to explore climate change exclusively over the Delta using a wide range of climate projections tailored for operational planning activities in California. The study offers new insights on potential changes in the mean and extreme climate of the Delta. The study also discusses future work to better prepare for these changes. In a nutshell, this study provides meaningful information that can be used to guide water resources planning and management practices in the Delta.
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Figure A1. (a) Annual total precipitation from water year 1916–2011; (b) contributions to the annual precipitation from the wettest 10% of wet days; and (c) contributions from all remaining wet days for North Delta. Green curves designate 5-year moving average values. 
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Figure A2. Box-and-whisker plots of (a) contributions (in percentage) from the wettest 10% of wet days and the remaining wet days to mean annual total precipitation; (b) contributions (in percentage) from the wettest 10% of wet days and the remaining wet days to annual total precipitation variance; and (c) annual precipitation variance explained by the wettest 10% of wet days and the remaining wet days based on simulations from 32 GCMs driven by historical forcings from water year 1960–1999. “N”, “S”, and “W” indicate North Delta, South Delta, and West Delta, respectively. “Wet” and “Rem” designate the wettest 10% of wet days and the remaining wet days, respectively. Filled blue circles indicate the corresponding historical baseline values derived from the Livneh historical data [38] during the same period. 
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Figure A3. Box-and-whisker plots of changes in monthly maximum temperature (Tm) under (a) RCP 4.5 during the mid-century; (b) RCP 8.5 during the mid-century; (c) RCP 4.5 during the late-century; and (d) RCP 8.5 during the late-century across three sub-regions of the Delta. 
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Figure A4. Box-and-whisker plots of changes in monthly minimum temperature (Tn) under (a) RCP 4.5 during the mid-century; (b) RCP 8.5 during the mid-century; (c) RCP 4.5 during the late-century; and (d) RCP 8.5 during the late-century across three sub-regions of the Delta. 
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Table A1. 32 General Circulation Models (GCMs) used in California’s Fourth Climate Change Assessment [24].
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Model ID

	
Model Name

	
Model Institution






	
1

	
ACCESS1.0

	
Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Bureau of Meteorology, Australia




	
2

	
ACCESS1.3




	
3

	
bcc-csm1.1

	
Beijing Climate Center, China




	
4

	
bcc-csm1.1.m




	
5

	
CanESM2

	
Canadian Centre for Climate Modeling and Analysis, Canada




	
6

	
CCSM4

	
National Center for Atmospheric Research, USA




	
7

	
CESM1-BGC

	
National Science Foundation, Department of Energy, National Center for Atmospheric Research, USA




	
8

	
CESM1-CAM5




	
9

	
CMCC-CM

	
Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy




	
10

	
CMCC-CMS




	
11

	
CNRM-CM5

	
Centre National de Recherches Météorologiques/Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique, France




	
12

	
CSIRO-Mk3.6.0

	
CSIRO and Queensland Climate Change Centre of Excellence, Australia




	
13

	
EC-EARTH

	
EC-EARTH consortium published at Irish Centre for High-End Computing, Netherlands/Ireland




	
14

	
FGOALS-g2

	
Institute of Atmospheric Physics, Chinese Academy of Sciences, China




	
15

	
GFDL-CM3

	
National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics Laboratory, USA




	
16

	
GFDL-ESM2G




	
17

	
GFDL-ESM2M




	
18

	
GISS-E2-H

	
National Aeronautics and Space Administration Goddard Institute for Space Studies, USA




	
19

	
GISS-E2-R




	
20

	
HadGEM2-AO

	
National Institute of Meteorological Research, Korea Meteorological Administration, South Korea




	
21

	
HadGEM2-CC

	
Met Office Hadley Centre, UK




	
22

	
HadGEM2-ES




	
23

	
inmcm4

	
Russian Academy of Sciences, Institute of Numerical Mathematics, Russia




	
24

	
IPSL-CM5A-LR

	
Institut Pierre Simon Laplace, France




	
25

	
IPSL-CM5A-MR




	
26

	
MIROC5

	
Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology, Japan




	
27

	
MIROC-ESM-CHEM




	
28

	
MIROC-ESM




	
29

	
MPI-ESM-LR

	
Max Planck Institute for Meteorology, Germany




	
30

	
MPI-ESM-MR




	
31

	
MRI-CGCM3

	
Meteorological Research Institute, Japan




	
32

	
NorESM1-M

	
Bjerknes Centre for Climate Research, Norwegian Meteorological Institute, Norway











[image: Table] 





Table A2. Trend slope and significance level of SPEI indices at different temporal scales during the period from water year 1916–2011.






Table A2. Trend slope and significance level of SPEI indices at different temporal scales during the period from water year 1916–2011.





	
SPEI

	
North Delta

	
South Delta

	
West Delta




	
Slope (/Decade)

	
p-Value

	
Slope (/Decade)

	
p-Value

	
Slope (/Decade)

	
p-Value






	
Annual

	
0.024

	
0.537

	
0.029

	
0.449

	
0.042

	
0.286




	
Two-Year

	
0.068

	
0.102

	
0.063

	
0.096

	
0.091 *

	
0.021




	
Three-Year

	
0.077

	
0.059

	
0.082

	
0.064

	
0.119 *

	
0.004




	
Four-Year

	
0.074

	
0.083

	
0.083

	
0.055

	
0.135 *

	
0.001








* The corresponding trend is statistically significant (p < 0.05).
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Table A3. Pearson correlation coefficient between changes in annual total precipitation and mean contributions to annual precipitation from the wettest 10% days as well as the remaining wet days.






Table A3. Pearson correlation coefficient between changes in annual total precipitation and mean contributions to annual precipitation from the wettest 10% days as well as the remaining wet days.





	
Scenario

	
Wettest 10% Days [-]

	
Remaining Wet Days [-]




	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta






	
RCP 4.5 Mid-Century

	
0.933

	
0.913

	
0.941

	
0.949

	
0.955

	
0.964




	
RCP 4.5 Late-Century

	
0.950

	
0.935

	
0.958

	
0.961

	
0.959

	
0.971




	
RCP 8.5 Mid-Century

	
0.933

	
0.922

	
0.940

	
0.945

	
0.957

	
0.957




	
RCP 8.5 Late-Century

	
0.956

	
0.955

	
0.963

	
0.940

	
0.959

	
0.963
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Table A4. Ensemble mean, maximum, and minimum changes in annual precipitation variance as well as variance contributions from the wettest 10 days and remaining wet days.






Table A4. Ensemble mean, maximum, and minimum changes in annual precipitation variance as well as variance contributions from the wettest 10 days and remaining wet days.





	
Scenario

	
Metric

	
Change in Annual Total Precipitation (%)

	
Change in Mean Contribution from the Wettest 10% Days (%)

	
Change in Mean Contribution from the Remaining Wet Days (%)




	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta






	
RCP 4.5 Mid-Century

	
Maximum

	
122.9

	
102.9

	
116.0

	
78.7

	
72.0

	
86.2

	
13.8

	
14.1

	
17.8




	
Mean

	
19.7

	
14.4

	
19.6

	
12.7

	
9.8

	
11.5

	
1.3

	
0.2

	
1.4




	
Minimum

	
−36.2

	
−43.2

	
−38.1

	
−36.3

	
−34.1

	
−32.6

	
−10.7

	
−7.9

	
−8.9




	
RCP 4.5 Late-Century

	
Maximum

	
151.4

	
135.0

	
142.0

	
96.8

	
82.5

	
81.3

	
15.0

	
18.2

	
14.6




	
Mean

	
28.0

	
21.3

	
29.4

	
17.0

	
12.6

	
17.0

	
1.3

	
1.6

	
2.5




	
Minimum

	
−49.3

	
−52.3

	
−44.4

	
−31.6

	
−27.5

	
−31.3

	
−7.8

	
−10.5

	
−9.4




	
RCP 8.5 Mid-Century

	
Maximum

	
80.6

	
60.0

	
75.6

	
66.3

	
49.0

	
55.9

	
14.1

	
21.6

	
13.5




	
Mean

	
10.3

	
6.3

	
11.2

	
7.0

	
6.5

	
7.7

	
1.4

	
0.9

	
1.5




	
Minimum

	
−52.7

	
−56.9

	
−59.1

	
−40.4

	
−51.2

	
−41.2

	
−9.0

	
−8.9

	
−10.2




	
RCP 8.5 Late-Century

	
Maximum

	
359.6

	
263.3

	
399.4

	
238.8

	
139.9

	
229.1

	
22.8

	
26.2

	
32.3




	
Mean

	
43.7

	
34.9

	
47.4

	
28.6

	
22.0

	
27.5

	
2.5

	
2.4

	
4.7




	
Minimum

	
−52.1

	
−59.0

	
−48.2

	
−30.3

	
−31.6

	
−39.9

	
−9.2

	
−11.3

	
−10.5










Appendix B


This Appendix briefly introduces the definition of the wettest days, identification of the variance explained and variance contribution, calculation of the Standardized Precipitation-Evapotranspiration Index (SPEI), and determination of the trend slope of a time series.



In determining the wettest days, all wet days (with daily precipitation over 0 mm) are ranked according to the precipitation amount. The day with the highest precipitation ranks first while the day with the least amount of precipitation ranks last. The top 10% of these days is then categorized as the “wettest 10% days”. The rest of those (remaining 90%) wet days is categorized as the “remaining wet days”.



Variance explained is the proportion of the variance in the dependent variable predicted by the independent variable in the sense of linear regression. It is typically measured by the coefficient of determinations (   R 2   ) and is calculated as follows:


   R 2  = 1 −     ∑   i = 1  n     (   y i  − f  (   z i   )   )   2      ∑   i = 1  n     (   y i  −  y ¯   )   2     











In which    y i    and    z i    are the dependent and independent variables, respectively;   y ¯   is the mean value of the dependent variable;  n  is the sample size.



The variance of the total precipitation (  V a r  (  P t o t  )   ) is the sum of the variance contributions from the wettest days (  V a r  (  P w e t t e s t  )   ) and remaining wet days (  V a r  (  P r e m a i n i n g  )   ), respectively, plus the covariance between them (  C o v  (  P w e t t e s t , P r e m a i n i n g  )   ):


    V a r  (  P t o t  )  = V a r  (  P w e t t e s t  )  + V a r  (  P r e m a i n i n g  )  + 2 C o v  (  P w e t t e s t , P r e m a i n i n g  )   











According to [30], the covariance term indicates the interference of the fluctuations of the wettest day and remaining days’ contributions to the total precipitation. If these two contributions vary in phase with each other, they increase the overall variance of total precipitation. Otherwise, if they are out of phase, they tend to cancel each other and reduce the overall variance of total precipitation.



For SPEI calculation, the first step is to calculate the discrepancies between precipitation (P) and potential evapotranspiration (PET) on a monthly time scale (D = P − PET). The PET is determined via the empirical Thornthwaite equation, which only requires temperature data as input. Monthly discrepancies can be aggregated to other time scales (e.g., 12-month, 24-month, 36-month, and 48-month, among others) to calculate corresponding SPEI values. Next, a three-parameter Log-logistic distribution is selected to model the discrepancy time series. The probability distribution function of D is calculated according to the Log-logistic distribution (  F  ( x )   ), of which the distribution parameters are fitted using all data provided via unbiased Probability Weighted Moments. Lastly, the SPEI value is determined as the standardized values of   F  ( x )    following



  S P E I = W −    C 0  +  C 1  +  C 2   W 2    1 +  d 1  W +  d 2   W 2  +  d 3   W 3      where   W =   − 2 ln  ( P )      f o r   P ≤ 0.5  ;  P  is the probability of exceeding a determined D value; when   P > 0.5  ,  P  is replaced by 1 −  P  and SPEI reverses its sign.    C 0  ,    C 1  ,    C 2  ,    d 1  ,    d 2   , and    d 3    are preset constant coefficients. For detailed information on the concept and calculation of the SPEI index, the readers are referred to [41].



The Theil–Sen approach (TSA) [45,46] is employed to calculate the trend slope of a time series in this study. The TSA is a non-parametric procedure that computes the slope ( S ) as follows:



  S = M e d i a n  (     x j  −  x i    j − i    )    1 ≤ i < j ≤ n   where  n  is the sample size of the time series;    x i    and    x j    are the  i th and  j th number in the time series, respectively.
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Figure 1. (a). A location map showing California’s ten hydrologic regions, river system, and the Sacramento–San Joaquin Delta (Delta); (b) a close-up of the Delta and its surrounding hydrologic regions; and (c) three sub-regions (North Delta, South Delta, and West Delta) of the Delta, which belong to three hydrologic regions, respectively. Crosses represent the centroid points of individual climate projection grids (1/16th degree) located in each sub-region. DCC: Delta Cross Channel; DB: Drought Barrier; SWP: State Water Project; CVP: Central Valley Project; SMSCG: Suisun Marsh Salinity Control Gate. 
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Figure 2. (a) Long-term (water year 1916–2011) mean wet season (October-March) and dry season (April-September) precipitation; (b) contributions to mean annual precipitation from the wettest 10% of wet days and the remaining wet days; (c) contributions to annual precipitation variance from the wettest 10% of wet days and the remaining wet days; and (d) variance of annual precipitation explained by the wettest 10% of wet days and the remaining wet days in terms of the square of the Pearson correlation coefficient of simple linear regressions. 
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Figure 3. (a) Long-term (water year 1916–2011) mean annual maximum (Tm), average (Ta), and minimum temperature (Tn) for three sub-regions of the Delta; and (b) long-term mean monthly maximum (Tm), average (Ta), and minimum (Tn) temperature of North Delta. 
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Figure 4. SPEI indices of West Delta calculated on different temporal scales including (a) annual; (b) two-year; (c) three-year; and (d) four-year during the historical period (water year 1916–2011). Trend slope (S, per decade) and the significance level (p) of the trend are also shown. 
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Figure 5. Box-and-whisker plots of (a) changes in annual precipitation as percent of historical mean annual precipitation; (b) warming (°C) in mean annual temperature under two emission scenarios (RCP 4.5 and RCP 8.5) during two future periods (mid-century and late-century) across three sub-regions of the Delta. The central mark on each box represents the median value; the edges of the boxes denote the 25th and 75th percentiles; the upper (lower) whisker is 1.5-times the interquartile range away from the top (bottom) of the box; the dots designate outliers. 
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Figure 6. Box-and-whisker plots of (a) changes in wet season (October-March) precipitation and (b) changes in dry season (April-September) precipitation as percent of historical wet and season precipitation, respectively, under two emission scenarios (RCP 4.5 and RCP 8.5) during two future periods (mid-century and late-century) across three sub-regions of the Delta. 
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Figure 7. Box-and-whisker plots of warming in mean monthly temperature under (a) RCP 4.5 during the mid-century; (b) RCP 4.5 during the late-century; (c) RCP 8.5 during the mid-century; and (d) RCP 8.5 during the late-century across three sub-regions of the Delta. 
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Figure 8. Scatter plots of projected (via 32 GCM models) changes in contributions to annual total precipitation from the 10% wettest days and the remaining wet days against changes in mean annual total precipitation (both as percentage of mean historical annual total precipitation simulations from water year 1960–1999) in two future periods: mid-century (first row; panels (a–c)) and late-century (second row; panels (d–f)) across three Delta sub-regions: North Delta (first column; panels (a,d)), South Delta (second column; panels (b,e)), and West Delta (third column; panels (c,f)). 
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Figure 9. Scatter plots of projected (via 32 GCM models) changes in variance contributions to annual precipitation variance from the top 10% wettest days and the remaining wet days against changes in mean annual total precipitation (both as percentage of historical annual precipitation variance calculated from water year 1960–1999) in two future periods: mid-century (first row; panels (a–c)) and late-century (second row; panels (d–f)) across three Delta sub-regions: North Delta (first column; panels (a,d)), South Delta (second column; panels (b,e)), and West Delta (third column; panels (c,f)). 
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Figure 10. Box-and-whisker plots of percent changes (from the historical baseline) in number of (a) wet days; (b) very wet days; and (c) extreme wet days under two emission scenarios (RCP 4.5 and RCP 8.5) during two future periods (mid-century and late-century) across three sub-regions of the Delta. 
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Figure 11. Scatter plots of warming in annual minimum temperature (Tn) against warming in annual maximum temperature (Tm) of (a) North Delta; (b) South Delta; and (c) West Delta under two emission scenarios (RCP 4.5 and RCP 8.5) during two future periods (mid-century and late-century). (d) shows changes in annual Diurnal Temperature Range (DTR) from the corresponding historical baseline values. 
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Figure 12. Mean warming in annual maximum temperature (Tm) and minimum temperature (Tn) under RCP 4.5 (first column (a,c,e)) and RCP 8.5 (second column (b,d,f)) for North Delta (first row (a,b)), South Delta (second row (c,d)), and West Delta (third row (e,f)). 
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Figure 13. Box-and-whisker plots of changes in monthly Diurnal Temperature Range (DTR) under (a) RCP 4.5 during the mid-century; (b) RCP 8.5 during the mid-century; (c) RCP 4.5 during the late-century; and (d) RCP 8.5 during the late-century across three sub-regions of the Delta. 
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Figure 14. Box-and-whisker plots of trend slope in SPEI indices at different temporal scales including (a) annual; (b) two-year; (c) three-year; and (d) four-year under RCP 4.5 and RCP 8.5 during water year 2020–2099. “ND”,”SD”, and “WD” stand for “North Delta”, “South Delta”, and “West Delta”, respectively. The number associated with each box plot indicates the size of the sample (i.e., number of SPEI projections with statistically significant trend) applied to produce that box. Red crosses designate outliers. 
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Table 1. Geographic and climatic characteristics of study areas *.
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Study Area

	
Area

(km2)

	
Total Annual Precipitation (mm)

	
Average Annual Temperature (°C)

	
Percentage of

	
90th Percentile Daily Precipitation (mm/day)




	
Wet Days (>0 mm)

	
Very Wet Days (>10 mm)

	
Extremely Wet Days (>20 mm)






	
North Delta

	
1174

	
397

	
16.2

	
31.6%

	
3.2%

	
0.7%

	
10.0




	
South Delta

	
1748

	
329

	
16.4

	
31.0%

	
2.3%

	
0.3%

	
8.3




	
West Delta

	
485

	
449

	
15.9

	
31.1%

	
3.8%

	
0.9%

	
11.2








* Based on observation-based Livneh historical climate data from water year 1916–2011 of [38].
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Table 2. Ensemble mean, maximum, and minimum changes in annual total precipitation as well as changes in mean contributions from the wettest 10% of wet days and the remaining wet days.
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Scenario

	
Metric

	
Change in Annual Total Precipitation (%)

	
Change in Mean Contribution from the Wettest 10% Days (%)

	
Change in Mean Contribution from the Remaining Wet Days (%)




	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta






	
RCP 4.5

Mid-Century

	
Maximum

	
26.7

	
23.2

	
25.7

	
14.1

	
12.2

	
13.0

	
12.7

	
11.0

	
12.7




	
Mean

	
−1.2

	
−2.5

	
−0.9

	
0.2

	
−0.3

	
0.3

	
−1.4

	
−2.1

	
−1.2




	
Minimum

	
−19.2

	
−16.9

	
−18.3

	
−7.6

	
−4.9

	
−6.5

	
−11.6

	
−12.1

	
−11.8




	
RCP 4.5

Late-Century

	
Maximum

	
25.4

	
19.3

	
25.7

	
15.0

	
12.0

	
14.1

	
10.4

	
8.6

	
11.6




	
Mean

	
1.7

	
−0.4

	
2.2

	
2.1

	
0.8

	
2.2

	
−0.4

	
−1.2

	
0.0




	
Minimum

	
−22.4

	
−22.4

	
−21.1

	
−10.3

	
−9.0

	
−8.9

	
−12.1

	
−13.4

	
−12.2




	
RCP 8.5

Mid-Century

	
Maximum

	
23.0

	
17.8

	
23.1

	
11.4

	
9.6

	
12.1

	
11.6

	
8.5

	
11.0




	
Mean

	
1.8

	
0.3

	
2.2

	
1.6

	
0.8

	
1.7

	
0.1

	
−0.5

	
0.5




	
Minimum

	
−17.6

	
−17.8

	
−15.4

	
−7.4

	
−6.7

	
−5.9

	
−10.2

	
−11.0

	
−9.6




	
RCP 8.5

Late-Century

	
Maximum

	
47.2

	
38.9

	
49.1

	
32.3

	
23.9

	
30.4

	
15.6

	
15.0

	
18.7




	
Mean

	
2.2

	
−0.3

	
3.1

	
3.0

	
1.5

	
2.9

	
−0.8

	
−1.8

	
0.2




	
Minimum

	
−32.0

	
−35.1

	
−30.4

	
−14.4

	
−14.5

	
−12.4

	
−17.7

	
−20.6

	
−17.9
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Table 3. Percent of change in precipitation variance explained by changes in variance contributions from wettest 10% of wet days and remaining wet days.
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Scenario

	
Wettest 10% Days (%)

	
Remaining Wet Days (%)




	
North Delta

	
South Delta

	
West Delta

	
North Delta

	
South Delta

	
West Delta






	
RCP 4.5 Mid-Century

	
80

	
78

	
78

	
27

	
29

	
27




	
RCP 4.5 Late-Century

	
87

	
83

	
86

	
12

	
19

	
16




	
RCP 8.5 Mid-Century

	
83

	
69

	
86

	
25

	
27

	
28




	
RCP 8.5 Late-Century

	
96

	
86

	
94

	
54

	
62

	
61
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