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2 A. R. Marklein et al.: Facility-scale inventory of dairy methane emissions in California

et al., 2018). Indeed, uncertainty in CH4 emissions from the
dairy industry in California and globally makes it difficult to
optimize mitigation actions at the spatial scales relevant to
policy and to establish an emissions baseline against which
mitigation efforts can be measured.

CH4 emissions are often estimated by bottom-up (calcu-
lated activity-based) or top-down (atmospheric observation-
based) methods (NASEM, 2018). Bottom-up inventories,
including those used by the US Environmental Protection
Agency (US EPA, 2017) and the California Air Resources
Board (Charrier, 2016), estimate dairy emission rates at the
state level based on the total number of cows and herd demo-
graphics and on the average statewide manure management
approach, CH4 emissions factor, and climate. However, live-
stock emissions, especially from dairies, remain one of the
largest uncertainties in these inventories (Maasakkers et al.,
2016), as there is no comprehensive information source for
the number of cows or manure management strategies. In ad-
dition, the lack of spatial and temporal detail in these inven-
tories makes it difficult to verify their accuracy with observa-
tional data, particularly given high levels of spatial variability
observed for CH4 emissions (NASEM, 2018).

Top-down estimates of emissions measure atmospheric
CH4 enhancements at farm to regional scales using one or
a combination of ground, aircraft, and satellite observations
(Arndt et al., 2018; Cui et al., 2017; Wecht et al., 2014). Top-
down studies often report CH4 emissions for dairies up to 2
times higher than bottom-up measurements (Cui et al., 2017,
Jeong et al., 2016; Miller et al., 2013; NASEM, 2018; Trous-
dell et al., 2016; Wolf et al., 2017). However, these compar-
isons are complicated by uncertainties in source attribution,
atmospheric transport models, and the spatial and temporal
mismatch that commonly exists between top-down estimates
and bottom-up inventories.

Previous bottom-up inventories have estimated national
(e.g., US EPA 2017 Greenhouse Gas Inventory, US EPA,
2017) and statewide (e.g., CARB Greenhouse Gas Inventory,
Charrier, 2016) emissions based on the number of cows at
the state and county levels, respectively. These inventories
have been downscaled to 0.1 x 0.1° gridded inventories of
CH4 emissions using a combination of California Regional
Water Quality Control Board data of dairy-specific herd size
and county-level livestock data in the CALGEM inventory
(Jeong et al., 2016, 2012) or county-level dairy cow counts
from the US Environmental Protection Agency (EPA) In-
ventory of US Greenhouse Gas Emissions and Sinks alone
(Maasakkers et al., 2016; USEPA, 2017). While these grid-
ded products provide finer spatial detail than statewide in-

underestimate dairy CH4 emissions, a comparison of bottom-
up and top-down CHy4 emissions at the facility scale (two
dairies) was much more comparable (Arndt et al., 2018). This
facility-scale comparison suggests the discrepancy might be
due to spatial scale. Dairy-level inventories of CH4 emissions
are also needed to be relevant to management and mitigation
actions that are implemented at the facility level.

To improve the spatial distribution of CH4 emissions
from dairies, we describe a new, farm-level database called
Vista-California (CA) Dairies, based on the existing database
Vista-CA (Rafiq et al., 2020). In this analysis, we disaggre-
gate the CARB inventory to the facility level by (1) devel-
oping a spatially explicit map of dairy locations, (2) apply-
ing facility-level information from regulatory permit data and
county-level animal inventories to estimate herd sizes; and
(3) estimating enteric and manure CH4 emissions from dairy
facilities based on manure management from permit data and
regional norms. Vista-CA Dairies is hence the first spatially
explicit inventory at the scale at which management and mit-
igation decisions are made. Compared to previous invento-
ries, we significantly improve (1) spatial resolution of dairy
CH4 emissions using more accurate farm-level herd demo-
graphics and (2) spatial variation in partitioning of emissions
between enteric and manure sources by incorporating infor-
mation on manure management practices at a finer scale than
used in typical inventories. These improvements are critical
for accurately attributing local- to regional-scale CH4 emis-
sions to their sources, identifying high-priority areas for mit-
igation management, and assessing progress towards achiev-
ing mitigation goals (e.g., State of California, 2016).

To demonstrate the utility of this facility-scale product in
monitoring mitigation outcomes, we apply the inventory to
address the effectiveness of mechanical separators and anaer-
obic digesters — two climate mitigation strategies that the
state is pursuing — in reducing manure methane emissions
(CDFA, 2020a, b). Mechanical separators separate out larger-
sized solid particles from the liquid manure pathway, reduc-
ing the amount of manure entering lagoon treatment sys-
tems that are the major source of manure methane (CDFA,
2020a). Digesters, as described above, promote the produc-
tion of methane from liquid manure waste through anaerobic
conditions but capture it for use as a fuel. First, we perform
a sensitivity analysis on the efficiency of mechanical separa-
tors in removing solids and quantify the uncertainty in their
reduction in emissions. Second, we quantify the projected
effect of anaerobic digesters on total CH4 emissions and on
the ratio of enteric CH4 to manure CH4 at the farm and re-
gional scale. Since 2015, cap and trade funds have supported

ventories, there are limitations to the livestock maps that dis-1 064004naerobic digesters in an effort to reduce manure CHy

tribute dairies within a county. For example, some gridded
products estimate CHy4 production from dairies in the Sierra
Nevada range (Maasakkers et al., 2016), while in reality these
animals exist further west in the Central Valley. In another
example, although regional-scale top-down studies (Cui et
al., 2017; Jeong et al., 2016) suggest bottom-up inventories

Earth Syst. Sci. Data, 13, 1-17, 2021

emissions (CDFA, 2020b). This dataset provides the facility-
level inventory of methane emissions, critical for attributing
methane plumes to dairy sources and for monitoring methane
reduction strategies.

https://doi.org/10.5194/essd-13-1-2021
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2 Methods

We determined the locations of dairy farms in California and
estimated the herd numbers for each farm. We estimated the
enteric and manure CH,4 emissions in three different ways
each and the uncertainty in each parameter affecting emis-
sion estimates at the facility and state scales. These data
were compiled in the database Vista-CA and compared to
other methane emission maps in the same domain. Finally,
we evaluated the efficacy of two manure management CHy4
mitigation strategies that are currently being implemented
in California: mechanical separators and anaerobic digesters
(Meyer, 2019).

2.1 Dairy locations

We used Google Earth satellite imagery to determine the
locations of 4326 dairy farms in California, by identifying
metal-topped shelters alongside manure lagoons and corrals
(further details given in Duren et al., 2019). We used ad-
dresses to determine the approximate location of each dairy
and manually adjusted the location to the center of a dairy
farm using satellite imagery in Google Earth (Duren et al.,
2019; Rafiq et al., 2020). These dairy locations are pub-
licly available as part of the Vista-CA methane mapping
project on the Oak Ridge National Laboratory Distributed
Active Archive Center for Biogeochemical Dynamics (https:
/ldaac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1726, last access:
26 January 2021).

We determined which facilities are still operational by
checking the data against the list of facilities that paid 2019
State Water Resources Control Board Confined Animal Fa-
cility fees (CAF fees; California State Water Quality Control
Board, personal communication, 22 November 2019). We as-
sumed that all dairies with permits and/or paying CAF fees
are currently operational. This assumption is untrue, as there
are an unknown number of facilities with cattle that do not
pay fees (likely < 20 facilities; new facilities since 2007). It
is not currently possible to confidently confirm which dairies
are functioning and which are not, since dairy closures are
tracked by a variety of agencies, with some lag time, but
this information is not accessible or consistent. Milk produc-
tion statistics show that there are roughly 1400 commercial
dairies in CA, including 162 dairies in northern California
(CDFA, 2018).

We grouped dairies into three geographic categories by
county (Table S3), North Coast (153 dairies), Central Val-
ley (1098 dairies), and Southern California (75 dairies), to
account for differences in climate, animal housing, and pri-
mary manure management styles among these three regions
(Meyer, 2019).

https://doi.org/10.5194/essd-13-1-2021

2.2 Herd populations and demographics

We determined herd population sizes primarily from the
2019 CAF fees list. However, some dairies did not pay a fee
in 2019, but still have animals, so for these facilities we in-
tegrated data from three sources to estimate herd numbers
and demographic categories at each dairy: Regional Water
Quality Control Board (RWQCB) permits, San Joaquin Val-
ley Air Pollution Control District (SJTVAPCD) permits, and
individual facility documentation. The RWQCB permits are
required for dairies that existed in October 2007 (California
Regional Water Quality Control Board, 2013), and we used
a collection of permit lists from 2014-2018 to determine the
number of lactating cows. Some dairies in the Central Val-
ley that are either new or expanded since 2007 have inac-
curate or incomplete data, so we determined the number of
lactating animals from the SIVAQPCD and reading individ-
ual facility documentation. The SJVAPCD permits include
the maximum number of cattle in each class at a given fa-
cility in 2011, rather than the number of animals, and these
dairies may have expanded since then. These data represent
our best estimates, but they represent specific points in time
that are not consistent between data sources. Based on milk
shipments, we know that at the time of this publication, there
are roughly 1.7 million lactating cows in California (Ross,
2019). Additionally, we compared our list with the 2017
United States Department of Agriculture (USDA) National
Agricultural Statistics Survey (USDA NASS, 2017), which
provides the number of farms and the number of cows in dif-
ferent dairy size classes in each county, though the NASS
Census data include farms that are not commercial dairies.

For dairies with RWQCB reports, we use the number of
milk cows, dry cows, heifers, and calves as the number of
cattle in each class. Given that we are calculating an annual
CH,4 emission rate for each farm, we assume the population
and demographics of each farm are constant in time, though
in reality these fluctuate as cattle are sold or born. The Cen-
tral Valley RWQCB assumes the population size of the lactat-
ing and dry cows varies by 15 % or less (California Regional
Water Quality Control Board, 2013).

We also estimate the populations of non-lactating animals,
though these data are less reliable than data for lactating
animals. The RWQCB reports provide the number of dry
cows, bred heifers, heifers, calves 0—3 months, and calves 4—
6 months (California Regional Water Quality Control Board,
2013). From these data, we determine the median ratio of
dry cows to the number of milk cows to estimate the num-
ber of dry cows for dairies without RWQCB reports. Calf
and heifer populations are less reliable than mature cow pop-
ulations (lactating + dry cows), as these replacement ani-
mals may or may not be at the same facility as the animals
they will replace. We assume that replacement animal pop-
ulations are 10 % higher than the mature cow populations
(Deanne Meyer, personal communication, 7 February 2020)
and are evenly distributed among the 0—23-month-old ani-

Earth Syst. Sci. Data, 13, 1-17, 2021
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4 A. R. Marklein et al.: Facility-scale inventory of dairy methane emissions in California

mals. For this analysis, we assume that the replacements are
on the same dairies as the lactating cows in order to not dou-
ble count the heifer ranches; these animals do exist but may
not be present on the dairies. We also estimated the effect of
this assumption on overall emissions. Enteric fermentation
emissions equations also distinguish between replacement
heifers < 227 kg (calves) and replacement heifers > 227 kg.
We assume the populations are split equally between the size
classes.

2.3 Enteric fermentation emissions

We estimated enteric fermentation in three ways, which have
previously been used to estimate emissions at the state or
national levels: (E1) according to the method used in Cali-
fornia’s greenhouse gas emission inventory (Charrier, 2016),
(E2) a method used for estimating emissions for the conti-
nental US (Hristov et al., 2017) and (E3) a method suggested
by recent research done in California (Appuhamy, 2018).
These three methods increase in their complexity: method E1
is based solely on the population and a statewide emissions
factor, E2 is based on a statewide emission factor and diets,
and E3 is based on diet as well as the quality of milk pro-
vided. We performed each of these calculations with lactat-
ing cows only (subscript 1) and total cattle, including calves,
replacement heifers, and dry cows (subscript t).

The first method, E1, is based on the calculations used by
CARSB for the official statewide greenhouse gas emission in-
ventory (Charrier, 2016), which is in turn based on the [IPCC
Tier 1 Guidelines (IPCC, 2006). For this method, we esti-
mate total enteric emissions (CHy 1) based on the number
of cattle (n) and a standard emission factor for each cattle
type (Eq. 1). Method E1 assumes enteric fermentation emis-
sions (ef;) are 114.61 kg CH4 per lactating dairy cow per year
(efy,; Table 3).

CHyen =efy-n 0

For all cattle, the total enteric emissions are the sum of the
product of the number of cattle (n) and the emission factor
(Eq. 2). Method El assumes that the emissions factors are
11.63 kg CHy per dairy calf per year (efl.), 43.53 kg CHy
per replacement heifer aged 7-12 months per year, and
65.71kg CHy per replacement heifer aged 12-24 months
per year (Charrier, 2016). We use a weighted mean of
58.32 kg CHy per replacement heifer per year (efly). Here i
represents the classes of cattle, including milk cows, calves,
and replacement heifers. The CARB inventory does not pro-
vide an emission factor for dry cows, so we exclude those
from this analysis (Charrier, 2016).

CH4_elt = Zefli * N (2)
i

The second method, E2, is based off of calculations in Hris-
tov et al. (2017). For this method, we estimate the total en-

Earth Syst. Sci. Data, 13, 1-17, 2021

teric emissions (CHy ¢2) as the product of the number of cat-
tle (n), dry matter intake (DMI), and an emission factor (ef2;
Eq. 3) (Hristov et al., 2017). Method E2 assumes DMI is
22.9kg per head per day for lactating cows, 12.7 kg per head
per day for dry cows, 8.5kg per head per day for dairy re-
placement heifers, and 3.7kg per head per day for calves,
and emission factors are 436, 280, 161, and 70 g per head per
day for lactating cows, dry cows, dairy replacement heifers,
and calves, respectively (Table 3).

CHy = _n;i-DMI; -efye; ©))
i

The third method, E3, is based on calculations by Appuhamy
(2018). For this method, we estimate the total enteric emis-
sions including the number of cattle (n), dry matter intake
(DMI), neutral detergent fiber (NDF) in the diet, and milk
fat (mf) (Appuhamy and Kebreab, 2018; Table 3). We also
include factors for DMI ( fpmi), NDF ( fnpg), and milk fat
(fmf)- Here, emissions are the sum of emissions due to DMI,
neutral detergent, and milk fat content (Eq. 4).

CHy,e31 = n1- (fomr,1 - DML + fnpr,1 - NDF + f, - mfy) (4)

Note that Appuhamy (2018) consider mature cows to be dry
cows for 60d of the year (16.4 %) and lactating cows the
remainder of the year, while we count the dry and lactating
cows separately. For the other cattle classes (7, including dry
cattle, replacement heifers, and calves), the E3 emissions are
the product of DMI and a DMI factor ( fpmi), times 365 d per
year as in E2 (Eq. 5).

CHa,e3c = n1- [ (fomr1 - DML + fanpr,1 - NDF
+ fnf - mf) - 365]

+ Z(”i - fomr,i - DMI;) - 365 %)

2.4 Manure management emissions

We estimated manure emissions for each dairy three ways:
(M1) according to the method used in California’s green-
house gas emission inventory (Charrier, 2016), (M2) a
method used for estimating emissions for the continental US
(Hristov et al., 2017), and (M3) a method suggested by recent
manure management research done in California (Meyer,
2019; Fig. 1). Methods M1 and M2 are based on average
statewide manure management, while method M3 is based
on facility-level or regional manure management. We per-
form each of these calculations first with milk cows only and
then including calves, dry cows, and heifers. All three meth-
ods follow the same general equation, though they have dif-
ferences in the specific variables used in Eq. (6).

CHgm1=m *PCHy 'vsprod *By- Z [MCFsystem ' fsystem] (6)
i

https://doi.org/10.5194/essd-13-1-2021
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Crop field
or pasture

Anaerobic lagoon or digester

Figure 1. Diagram of manure flows on a dairy farm. Dashed lines indicate North Coast dairies only. Modified from Owen and Silver (2014)
and Meyer et al. (2011). Types of manure management include anaerobic digester, large containment system or covered lagoon designed
for capturing methane and carbon dioxide for use as fuel; anaerobic lagoon, designed storage system for stabilizing waste; daily spread,
the collection of manure that is spread onto field or pasture within 24 h of deposition, drylot: an open confined area where manure may be
removed occasionally; pasture land covered in grass that the animals eat; solid storage dried manure stored in unconfined stacks; liquid/slurry
manure stored with some water added, with a typical residence time of less than 1 year (IPCC, 2006). Fractions of manure entering each

management type are shown in Tables 1 and S1.7¢

In this equation, n is the number of cows, pcy, is the density
of CHy, a conversion factor of m3 CHy to kg CHy4, which
is a constant 0.662 kg CH4/m> as reported by CARB and the
IPCC (IPCC, 2006). VSpoq is the total amount of volatile
solids (VSs) produced per animal (kg per head per day), B,
is the maximum methane production capacity per unit of VS
in dairy manure (0.24 m3 CHy/kg VS), MCF is the methane
conversion factor for each system, and fystem is the fraction
of manure going into each manure management system (Ta-
ble 4). The different systems include pasture, daily spread,
solids, liquid/slurry, lagoon, and drylot (Fig. 1; IPCC, 2006).

The first method, M1, is based on the method used in the
CARB greenhouse gas inventory. For M1, methane emis-
sions from manure management are calculated for each dairy
facility based on the fraction of manure in each management
system, the total VS production, the CH4 density, B, and the
methane conversion factor for each system (CARB, 2014,
IPCC, 2006::7; US EPA, 2017). For method M1, we assume
that a constant proportion of manure is in each management
type on each dairy according to statewide proportions, which
are described in Fig. 1 (CARB, 2014). The methane conver-
sion factor for each system is shown in Table 4 (Charrier,
2016). VS production is an animal-specific constant among
management types.

https://doi.org/10.5194/essd-13-1-2021

The second method, M2, is based on the methodology
used by Hristov and colleagues (Hristov et al., 2017). These
are the product of the VSs excreted, the methane generation
potential, the waste management system distribution in the
state, the methane conversion factor (MCF) for the state, and
the methane density (Eq. 7). The percentages of waste enter-
ing daily spread, solid storage, liquid slurry, and anaerobic la-
goon are shown in Table 1, with corresponding MCFs shown
in Table 4. VS excreted and Bo are defined in Appendix A.

For the third method, M3, we estimate manure manage-
ment based on data from the SJVAPCD air quality permits
and regional differences in manure management as follows
below (Eq. 7) and shown in Fig. 1. CH4 emissions for each
manure management system were determined according to
CARB emission factors described above and summed for
each farm. As described previously, only dairies in the San
Joaquin Valley with > 500 cows in 2011 have STVAPCD per-
mits. For these dairies, we estimate manure emissions based
on the reported dairy management practices documented in
permits, though this information represents facilities incon-
sistently. These permits report the presence of corrals or
freestalls as housing types; flush, scrape, or vacuum sys-
tems for manure collection; and mechanical separator, set-
tling basin, or weeping wall as solid-liquid separator systems

Earth Syst. Sci. Data, 13, 1-17, 2021
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Table 1. Fraction of manure entering each management type for dairy cows for M1, M2, and M3. For M3, the fraction is different for San
Joaquin Valley with and without freestalls, the North Coast, and the Southern dairies.

Ml M2 | M3
Management type Statewide | SJV: with freestalls  SJV: no freestalls North Coast Southern
Daily spread 106% 10% 0% 0% 0% 0%
Solid storage 9.1% 9 % 30% 66 % 0% 0%
Liquid slurry 202% 20% 0% 0% 21.5% 0%
Anaerobic lagoon  582% 60% 70 % 34 % 12.5% 34 %
Drylot 0% 0% 0% 0% 0% 66 %
Pasture 07% 0% 0% 0% 66 % 0%
Anaerobic digester 1.2% 0% 0% 0% 0% 0%

(Table S1 in the Supplement). Housing type typically deter-
mines the fraction of manure that is processed by the manure
handling system, which can be quantified as the percentage
of time cows spend on concrete. For dairies with corrals or
s freestalls present, we assume time on concrete to be 70 %
(Meyer, 2019). For dairies without freestalls, we assume time
on concrete to be 30 % (Meyer, 2019). We assume that time
in the milking parlor is 12.5 % of total time, which is almost
always flushed or hosed out into a liquid manure handling
10 system (i.e., liquid/slurry or lagoon). For the remainder of the
time on concrete, we assume that for facilities with scrape or
vacuum systems reported, the manure is stored as solids; for
facilities with only flush systems reported, we assume that
this manure is flushed into lagoons. We assume that the re-
1s maining manure (time not spent in housing) is not collected
and remains as solids in the open lot or pasture. For dairies
with solid-liquid separator systems reported, manure that is
flushed to lagoon is diverted to solid storage based on the
mechanical separator efficiency (0.05 for mechanical sepa-
20 rator; 0.225 for settling basin; 0.25 for weeping wall). We
also estimate the effect of using manure solids as bedding.
The majority of manure solids are used as bedding, as it is a
cost-effective and easily available option to keep the animals
comfortable, though some solids are land applied or removed
25 off farm (Chang et al., 2004). Previous research suggests that
solid manure loses roughly 33 % of its C as CO; in the first
month (Ahn et al., 2011); we assume that on dairies with la-
goons, solid manure remains in the manure pile for at least 1
month to dry out and that half of the remaining 67 % of the
s manure C returns to the housing facility and ultimately ends
up in the lagoon. The fraction of manure entering the lagoon,
foed, 1s therefore 33 %. We assume that all heifer manure is
scraped, though in reality some heifer lanes may be flushed
(Table S2).

CH4,m3,1 =n1- pcHy - VSprod - Bo
* [( fiagoon + fsolid * Sfoed) - MCFragoon
+ fsotid (1 = foed) - MCFsolid
35 + fliquid -MCF liquid + f pasture * MCF, pasture] @)
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Text

Given that air district data only exist for the San Joaquin Val-
ley, we made assumptions about housing and manure man-
agement in the other regions in California for method M3.
For the remaining Central Valley dairies without air qual-
ity permits, we used the mean partitioning of solid vs. lig-
uids from permitted dairies in each county. In the South-
ern California dairies, open-lot-style farms are predominant
(Deanne Meyer, personal communication, 7 February 2020),
and most do not even flush the feed lane. On these dairies,
we assume that only the milking parlor is flushed, at 12.5 %
of the time, and the rest of the manure is either dry scraped
or remains in the open lot. In the North Coast, pasture dairies
are prevalent, though many dairies have some housing for
cows. Here, we assume time on concrete is 39 %: on average
2 months inside in the winter and 30 % of the rest of the year.
During the winter months, the manure is scraped into pits. In
the summer, the manure is dried and stacked. In the North
Coast, we assumed that only the milking parlor was flushed
(12.5 %). Nevertheless, even with accurate accounting, the
different climatic, animal housing, manure management, and
biogeochemical factors in each dairy affect the actual CHy
emissions at any given time (Hamilton et al., 2006).

2.5 Uncertainty and sensitivity analysis

We estimated facility-level uncertainty in the number of cows
as 20 %, as suggested by the IPCC (IPCC, 2006/ %), Sect. S1
in the Supplement). We estimated facility-scale uncertainty
for enteric fermentation emissions for each of the three meth-
ods (Table 2, Sect. S1). The methods for calculating the stan-
dard errors of each variable are shown in the Supplement. For
E1, we calculated the standard error in ef; and n. For method
E2, we calculated the standard error in DMI, n, and ef;. For
E3, we calculated the standard error in DMI, NDF, milk fat,
Jomi, fNDF, and fif for lactating cows and DMI only for
nonlactating animals. We propagated the standard error of
each variable through the emissions calculation equations,
assuming the errors were uncorrelated (Sect. S1.1).

We estimate the facility-scale uncertainty in manure man-
agement emissions by propagating uncertainty in the terms

https://doi.org/10.5194/essd-13-1-2021
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Table 2. Enteric and manure CHy4 emissions and standard error at the facility and statewide scales.

Mean per dairy  Facility  Statewide estimate Statewide  Statewide estimate

(milk cows) level (milk cows) SE (all cattle)

kg CHy/yr SE GgCHy/yr  (milk cows) Gg CHy/yr
CHyp 1982 1578 213% 20932105 744, 3083 310.0
CHyp, 173.8 17133 335% 220.8231.1 839 3748 376.7
CHygs 161.9 1615 356% 2141215.3 20% 3528 354.8
CHymi 233.8 2332 51.0% . 3092310.9 9.7% 3133 315 1
CHy M3 570 5 2470 F40% 735 3245329 6 30% 3317 3338

Neows, fraction of time on concrete, VSpro4, methane conver-
sion factor (MCF), B,, and fpeq. We did not address uncer-
tainty in pcH,, as it is considered to be a constant (US EPA,
2017). Uncertainty for time on concrete was determined from
s variance observed in a recent study (Meyer, 2019) that de-
scribes four Central Valley dairies: two with freestalls and
two without freestalls. We assume for our analysis that the
time on concrete is equal to the fraction of manure produced
that passes through the lagoon ( flagoon). We also assume that
10 the remainder of the manure (1 — fiagoon) is stored as a solid
in the Central Valley, in pasture in the North Coast, and dry-
lot in the Southern dairies. We assumed that the North Coast
dairies had freestalls or loafing barns for the winter, and the
Southern dairies had no barn housing; however, there are ex-
15 ceptions to these generalizations we did not consider as we
have little systematic data on dairies outside of the Central
Valley apart from expert knowledge. We estimated the un-
certainty in the VS production rate based on the variability
reported for lactating cattle and heifers over 13 years (2000-
20 2012) in the CARB inventory (CARB, 2014). We calculated
the mean and standard error for VS production for each of
these two populations. We estimated the uncertainty of the
MCEFs using data reported by Owen and Silver (Owen and
Silver, 2014). We estimated the uncertainty of B,; the the-
25 oretical maximum methane production, using data from a
meta-analysis (Miranda et al., 2016). We estimated the er-
ror uncertainty of fpeq to be 100 %, as this value may range
from including no manure as bedding to including all solid
manure as bedding. To propagate the errors in total for the
s manure management system, we rearranged Eq. (8) with two
factors to be as follows, where MCF,, is the MCF for either
solids, pasture, or drylot, and given that fiagoon + fx = 1.

CH4,m =ny- VSprod B, - PCHy * (flagoon : MCFlagoon
- flagoon : MCF,\: + MCFx) (8)

We used the sum of the squared partial derivatives of each
ss variable times the variance of that variable to propagate the
uncertainty in facility-scale manure emissions (Sect. S1.1).
To determine the relative effect of manure and enteric emis-
sions from E3 and M3 on facility-level emissions, we prop-

https://doi.org/10.5194/essd-13-1-2021

agated the uncertainty associated with the two emissions in
quadrature. ©

Due to the large number of dairies, propagating the
facility-level uncertainty to the state level using standard
methods produces unrealistically low statewide uncertainty
estimates (< 1 %). This suggests that the uncertainties at the
facility level are not independent. Therefore, we used pre- s
viously published estimates for state-scale uncertainties for
each of the six methods, from the EPA (E1, M1; US EPA,
2017), Hristov et al. (2017) (E2, M2), and the IPCC (E3, M3,
IPCC, 2006 %),

We performed a sensitivity analysis on each of the meth- s
ods. We calculate sensitivity (§(x|y)) of emissions (x) to
each parameter (y) as

0
8(xly) = £ oy, )

where % is the partial derivative of emissions (x) with re-
spect to each variable (y) in the emissions equation and oy ss
is the uncertainty in each parameter y (i.e., fractional uncer-
tainty times the value). We calculate fractional uncertainty as
each uncertainty divided by the sum of all uncertainties, as in
Eq. (12).

_sGxly)

= sy (10«

We also determined the relative sensitivity of total emissions
to manure and enteric emissions.

2.6 Spatial patterns of CH4 emissions and comparison
with existing spatial inventories

We converted the Vista-CA dairy database into a raster image s
using R (R Core Team, 2013). We then convert the image to a
0.1° x 0.1° grid in WGS84 to match CALGEM (Jeong et al.,
2012) and the Spatial EPA (Maasakkers et al., 2016) invento-
ries. We subtract the values from the CALGEM, Hristov, and
Maasakkers emission inventories from the Vista-CA map to 7
observe spatial variations between inventories.

Earth Syst. Sci. Data, 13, 1-17, 2021
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2.7 Alternative manure management strategy
assessment

2.7.1 Solid separators

Solid separators, including mechanical separators, weeping

s walls, and settling basins, are an alternative methane miti-
gation manure management practice in California (CDFA,
2020a). Separating out solids from liquid manure reduces
CH4 emissions by removing a fraction of the carbon con-
tent by aerobic decomposition prior to entering anaerobic

10 storage. Mechanical separators, settling basins, and weep-
ing walls remove approximately 5 %, 22.5 %, and 25 % of
volatile solids, respectively (Meyer et al., 2011).

2.7.2 Anaerobic digesters

We determined the 14%8 dairies that have installed or are
15 planning (o install anaerobic digesters from reports [rom

the CDFA Dairy Digester Reports in 2017-2019 (CDFA,

2020b). We used our database to estimate the effects of anaer-

obic digesters on CHy4 emissions from these 100 dairies in the

Central Valley. We assumed a 75 % efficiency of CHy capture
20 in anaerobic digesters (Charrier, 2016; US EPA, 2017).

1712 229 mature cows
1 455 395 lactating cows
217400 dry cows
1380040 heifers

3 Results and discussion

3.1 Herd populations and demographics
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1639966 calves

The 2017 USDA Dairy Census reports the number of milk
cows in California to be 1750329/ 5. We report a total of
2s +702-456-mature cows in Vista-CA, including +447-088-lac-

tating cows and 246155 dry cows, distributed across -1-32g33

dairy farms. We also report a total of +327160 heifers, and
1637339 calves. We assume a 20 % error in our uncertainty
in the number of cattle, as recommended by the IPCC (2006).
s The data regarding the number of cows are proprietary
information that are not consistently reported by any one
agency, and the agencies do not communicate with each
other. Regulatory agencies should strive to identify facili-
ties and the number of animals in a timely manner, and they
3s should communicate with each other. Further, the number of
milk cows varies interannually (as they only lactate for part
of the year and are considered dry cows the remainder of
the year), and the animals are sold and traded. These factors
make this information surprisingly difficult to estimate.

« 3.2 Enteric fermentation

Total enteric emissions for all cattle are 3083+
22-8GgCHy/yr for method El, 374-8%311 GgCHy/yr
for method E2, and 352-84-70.6 Gg CHy/yr for method
E3. We did not find statistically significant differences
« between the three methods of calculations of enteric
CH4 emissions for either milk cows or all cattle in the
state (Table 2, Fig. 2a). Statewide enteric emissions

Figure 2. Total state (a) enteric and (b) manure CH4 emissions for
each of the three calculations. Dark bars include all cattle, while
light bars include only milk cows. The lack of significant difference

Obetween the three methods su‘rgorts the validity of the farm-scale

milk: E1: 210.5+/-15.6

E2: 231.1+/-19.2

E3: 215.3+/-43.1
for milk cows only are 209.3+15.5GgCHy/yr for
method El1, 22984191 GgCHy/yr for method E2, and
21413428 Gg CHy/yr for method E3. We found relatively
consistent proportions of enteric fermentation CH4 emis-
sions of milk cows to total cattle. Milk cows account for
68-%—61-%—and—61-%-of total enteric emissions based on
methods El, E2, and E3, respectively. The difference in
enteric emissions between the milk cows and total cows
is due to the fact that non-milk cows produce significant
amounts of enteric methane emissions.

E1:71%, E2: 67%, E3: 61%

method.

3.3 Manure management emissions

Total manure management emissions for all cat-
tle are 313.3.14+30.4GgCHy/yr based on Ml
338.0+ 110.5 Gg CHy/yr based on M2, and
331.7+99.5 Gg CHy/yr based on M3, the farm-specific
method. We did not find statistically significant differ-
ences in manure—management emissions between the
methods of calculations for either milk cows or all cattle

all: E1: 310.0 +/- 22.9 all: M1: 315.1+/-30.6

E2: 376.7+/-31.2

Earth Syst. Sci. Data, 13, 1-17, 2021
E3: 354.8+/- 71.0

M2: 340.0+/-11 2 //60i.org/10.5194/es5d-13-1-2021
M3: 368.0+/-110.4




milk: M1: 310.9.1+/-30.2
M2: 334.9+/-109.5
M3: 359.8+/-107.9
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(Table 2, Fig. 2b). Total manure management emissions

for milk cows only are 309-2230.0-GgCHy/yr—based
on—M1;333.04-108.9 Gg CH4/yr—based—on—M2.—and
32754983 GgCHylyr based on M3. The fraction of

s manure emissions that comes from the milk cows is greater
than 98 % for all three methods. This is because the manure
of non-milk cows is primarily managed in ways with very
low methane emissions, including daily spread, on drylots,
or on pasture. The difference between the emissions from

1o milk cows alone and emissions from the total dairy herd is
smaller than the uncertainties in manure emissions.

3.4 Sensitivity analysis

We report the statewide uncertainty in enteric emissions to
be 7.4 %, 8.3 %, and 20 % for E1, E2, and E3, respectively

15 (Table 2). The facility-level standard errors for enteric fer-
mentation we calculated are 21.3 % for El, 33.5 % for E2,
and 35.6 % for E3. We find that sensitivities in enteric fer-
mentation differ between the three methods (Table 3). El is
most sensitive to the number of cows (n) at a facility. E2 is

20 equally sensitive to n and ef,, followed by the DMI of lactat-
ing cows. E3 is most sensitive to DMI, followed by n.

We report the statewide uncertainty in manure emissions
to be 9.7 %, 32.7 %, and 30 % for M1, M2, and M3, respec-
tively (Table 4). The facility-level standard errors for manure

25 emissions we calculated are 51.0 % for M1, 5+2% for M2,

73.5 and 74:0% for M3. While the uncertainty for M1 is smaller

than M2 and M3, this is due to the relative simplicity of the
equation, with fewer propagated errors, rather than being the
inherently best model. A recent report determined that the
a0 CARB methodology underestimates manure methane emis-
sions (NASEM, 2018). Here, all three 2& L ethods are
most sensitive to the lagoon MCF (48- -0-%), followed

7.2-15.3 by n cows (+=7%—15-4-%), except for M3, which is sensitive41 5

to the fraction of manure allocated to bedding (4+3+%) (Ta-
ss ble 4). Our data on MCF for lagoons are only based on nine
observational studies from outside California (Owen and Sil-
ver, 2014), so more measurements are needed to reduce this
uncertainty. Further, there is little information on the amount
of manure used for bedding. Overall, our uncertainty analysis

« is based on limited data from very few dairies.
Total uncertainty in CH4 emissions at the facility scale

47.8

51.5%

tion (39:5%) statewide. Of manure management CH4 emis-
sions, 96.3 % came from lagoons statewide, 1.8 % from solid
storage, 0.4 % from liquid/slurry, 0.2 % from pasture, and
0.0 % from drylot and solid spread. Of the three geographic
regions, the majority of manure management CHy emissions
came from the Central Valley (94.9 %), with only 1.7 % of
manure emissions from the North Coast and 3.4 % from
Southern California. Per-cow manure management emis-
sions were also highest in the Central Valley (0.24 Tg CHy
per milk cow per year) due to the predominance of lagoons as
manure management practice, compared to the North Coast
(0.12 Tg CH4 per milk cow per year) and Southern regions
(0.15 Tg CH4 per milk cow per year). In the 153 North Coast
dairies, the 46931 cows encompassed 1.7 % of calculated
manure emissions and 3.2 % of calculated enteric emissions.
The 75 dairies with a total of 77 122 cows in the Southern
dairies made up 3.4 % of calculated manure emissions and
5.3 % of calculated enteric emissions.

With these emissions data, we also calculated enteric—
manure ratios, which can be useful for methane mitigation
planning. Mitigation strategies for dairy methane generally
target either enteric or manure emissions, affecting this ra-
tio. Manure management emissions per cow are much more
variable than enteric emissions regionally, as manure prac-
tices vary more than feeding regimes. Therefore, differences
in enteric-manure emissions are likely due to differences in
manure management. The enteric—manure ratio of CH4 emis-
sions in the North Coast is the highest, at 2.0, the enteric—
manure ratio in the Southern dairies is 1.7, and in the Central
Valley the ratio is 1.0 (Fig. 4). These differences are primar-
ily due to the differences in manure management and cow
housing type across regions: the Central Valley primarily
uses flush systems, storing a large percentage of manure in
lagoons, while North Coast and Southern California dairies
tend to have scrape systems and drylots, respectively. Be-
cause lagoons have the highest MCF, the Central Valley has
the highest per-cow emissions and lowest enteric-manure
CH4 ratios. The CARB inventory also shows a statewide
enteric—manure ratio of 1.08, which is primarily influenced
by the large number of dairies in the Central Valley (CARB,
2014). The enteric—manure ratio also has implications for
verifying mitigation effectiveness, as strategies that reduce
either enteric or manure emissions should alter this ratio. If

(E3 +M3) is 35.6 %; 82:6-% of the uncertainty is due to un-819%mission signatures of enteric fermentation differ from those
certainty in manure emissions, while +7-4-% of the uncer-18.1%f manure management, such as the 8 '3C—CHy isotopic sig-

tainty is due to enteric emissions. The higher uncertainty in
«s the manure emissions than enteric emissions is due primar-

ily to our uncertainty in facility-level manure management

practices and the limited information on lagoon MCF.

3.5 Spatial patterns of CH,4 emissions

Using the farm-specific method (E3 and E4%=%), the two
so largest sources of CH4 from California dairy farms are ma-
nure emissions from lagoons (35{?:3;%) and enteric fermenta-

https://doi.org/10.5194/essd-13-1-2021

nature, it may be possible to use downwind or regional mea-
surements of these signatures and their changes with mitiga-
tion to quantify enteric-manure ratios.

3.6 Comparison with existing spatial inventories

We compare this spatially explicit facility-level database with
three other existing bottom-up spatial inventories, the spa-
tially explicit EPA model (Maasakkers et al., 2016; com-
parable to E1+ M1), the Hristov model (Hristov et al.,

Earth Syst. Sci. Data, 13, 1-17, 2021
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Table 3. Estimated input variables and standard error as a percentage of the mean for each of the methods to calculate enteric fermentation
methane emissions at the farm scale, along with sensitivity to each input variable.

B
g
@
5
-
2
E
‘é
@
P
2
!

Variable Mean value (%SE*) Sensitivity ~ Source
E1(Eq.2) n Lactating cows ~ +094-eows (20 %) 1287 88.0%
ef] Lactating cows  144.61 kg CHy per head per day (7.4 %) 12.0% CARB (2014), US EPA (2017)
E2(Eq.4) n Lactating cows  +994-eows (20 %) 1287 35.6 %
DMI Lactating cows  22.9 kg per head per day (18 %) 28.8%  Hristov et al. (2017)
Heifers 8.5 kg per head per day (15 %)
Calves 3.7kg per head per day (15 %)
efy Lactating cows 19 g/kg DMI (20 %) 35.6 %
Heifers
Calves
E3(Eq.6) n Lactating cows  094-cows (20 %) 1287 29.1 %
DMI Lactating cows  22.9 kg per head per day (38.2 %) 32.4%
Appuhamy (2018)
Dry cows 13.5 kg per head per day (30.5 %) 37.1%
dNDF Lactating cows  15.1 % DM (35.6 %) 0.5%
mf Lactating cows 3.6 % (6.0 %) 0.2%
Jfomr Lactating cows  22.1 (3.5 %) 0.3 %
JNDF Lactating cows ~ 2.18 (36.7 %) 0.5%
Smf Lactating cows  32.2 (13.0 %) 0.8%

* Description of SE calculations are provided in Sect. S1.

2017, comparable to E2 + M2), and the CALGEM model
(Jeong et al., 2012, 2016), by aggregating these estimates to
0.1° x 0.1° resolution to match the spatial scale of these other
products (Fig. 4). The EPA model and the Hristov model

s were both developed for the contiguous United States, while
CALGEM was developed for California only. First, we note
that there are no significant differences in the statewide total
methane emissions or methane emissions on a per-cow basis
amongst the three products. However, there are differences in

10 how manure is treated. CARB estimates that 76 % of manure
is stored as a liquid, in either lagoon or liquid/slurry, while
Hristov assumes that all manure is in lagoon or liquid/slurry,
which are the manure treatments with the two highest emis-
sions factors (Hristov et al., 2017). Thus the Hristov esti-

1s mates are consistently higher than those of CARB and this
farm-scale estimate.

We determined Pearson’s correlation coefficients using R
to test differences in spatial patterns between inventories.
CALGEM is the closest to Vista-CA emissions (E3 + M3),

20 with a Pearson’s correlation coefficient of 0.77. The esti-
mate of Hristov et al. (2017) is the second closest, with
a Pearson’s correlation coefficient of 0.58, but it tends
to overestimate emissions in the Central Valley, including

Earth Syst. Sci. Data, 13, 1-17, 2021

hotspots of methane emissions. The estimate of Maasakkers

et al. (2016) matches the least, with a Pearson’s correlation s
coefficient of 0.25, and tends to underestimate the hotspots

of methane emissions in the Central Valley. The other models
also have emissions in areas where Vista-CA does not have
dairies (shown in gray in Fig. 4). The estimate of Hristov et

al. (2017) includes the largest emissions area where Vista-
CA does not show dairies, mostly in the lower Central Valley
and Southern regions, though also in the North Coast. The
estimate of Maasakkers et al. (2016) follows, with additional
emitting areas primarily in the lower Central Valley. CAL-
GEM has the fewest areas that are not in Vista-CA, mostly in a5
the North Coast and Southern regions of California.

3.7 Alternative manure management strategy
assessment

We found that existing solid separators reduce statewide ma-
nure CH4 emissions by 26.2 Gg/yr (8.0 %). This estimate as- 4
sumes that half of all separated solids are used as bedding,
and one-third of the C of separated solids is emitted as CO»,
rather than CHy, as with other solids. HoWever, tere s

. e Frembitrr—of ;
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Table 4. Estimated input variables and standard error as a percentage of the mean for each of the methods to calculate manure methane
emissions at the farm scale, along with sensitivity to each input variable.

Variable Mean value (%SE*)  Sensitivity  Source
M1 n (head) Lactating cows 1287  1091-(20%) 13.5 154% IPCC
VSprod (kg per head per year) — Lactating cows 2654 (1.4 %) 0.1% CARB (2014)
Nonlactating cows 1219 (0.9 %)
Bo (m? CHy/kg VS) Lactating cows 0.24 (23%) 46 53% Mirandaet al. (2016)
MCF (unitless) Pasture 0.15(245%) 0.6 ©0% CARB, Owen and Silver (2014)
Daily spread 0.005 (245 %) 0.0%
Solid storage 0.04 (86.2%) 0.2 0:0%
Liquid/slurry 0.323 (47.1%) 09 159
Lagoon 0.748 (52.3%) 802 77.89%
Drylot 0.04 (86.2 %)
M2 n (head) Lactating cows 1287  3994-(20 %) 153% IPCC
VS,0a (kg per head per year) Lactating cows 2799 (1.4 %) 0.1%  Hristov et al. (2017), CARB data
Heifer 1251 (0.9 %)
Calves 370 (0.9 %)
B, (m3 CHy/kg VS) Lactating cows 024 (23%) 5.2 53% Mirandaet al. (2016)
MCEF (unitless) Pasture 0.15 (245 %) CARB, Owen and Silver (2014)
Daily spread 0.005 (245 %) 0.0 %
Solid storage 0.04 (86.2 %) 0.0%
Liquid/slurry 0.323 (47.1 %) 1.4%
Lagoon 0.748 (52.3 %) 78.0 %
Drylot 0.04 (86.2 %)
M3 £ (head) 1720 cows per dairy 1287 +09420% 72 7F+% IPCC
VSprod (kg per head per year) — Lactating cows 2654 (1.4 %) 0.0% CARB data
Nonlactating cows 1219 (0.9 %)
TOC ( flagoon) (unitless) Freestall 74% (5.7%) 3.3 06:6% Meyer (2019)
Nonfreestall 34 % (8.8 %)
Nonlactating 26 % (12.3 %)
B, (m3 CHy/kg VS) Lactating cows 0.24 (23%) 2.5 53% Mirandaetal. (2016)
MCEF (unitless) Pasture 0.15 (245 %) 0.2 01+% CARB, Owen and Silver (2014)
Daily spread 0.005 245%)
Solid storage 0.04 (86.2 %) 0.1%
Liquid/slurry 0.323 (47.1%) 03 ©02%
Lagoon 0.748 (52.3 %) 45.0 48+%
Drylot 0.04 (86.2 %)
foed (unitless) Fraction bedding 033 (100%) 415 44+% Ahnetal. (2011)

* Description of SE calculations are provided in the Supplement.

alternative manure management program (AMMP)

rier, 2016). We predict a total reduction of CH4 emissions by ¢4 4

MWMEMEWWG 536-4-Gg CHa/yr. This represents a-51-8-% decrease in manure 1o

emissions and a 25.9 % reduction in total (manure + enteric)

—to-treir-digesters

We estimated the effects of anaerobic digesters on CHy

emissions from dairies with these digesters, resulting in a

s emissions at 100 dairies in the Central Valley that have or are 10-940:7-% decrease in statewide manure emissions and a 5:2% -3

scheduled to have anaerobic digesters in 2017-2019 (CDFA,
2020b, Fig. 5). Following the USEPA, we assume a 75 %
efficiency in anaerobic digesters (Lory et al., 2010; Char-

https://doi.org/10.5194/essd-13-1-2021

decrease in total (enteric + manure) statewide dairy emis-
sions. However, limited data exist on farm-scale emissions 1s
before and after digesters, or on the efficiency of digesters.

Earth Syst. Sci. Data, 13, 1-17, 2021
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Figure 3. Map of (a) total methane emissions and (b) ratio of enteric fermentation emissions to manure emissions in California. In panel (a),

red indicates high total methane emissions and blue indicates low total methane emissions. In panel (b), red indicates relatively high enteric
fermentation emissions, while blue indicates relatively high manure management emissions.
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Figure 4. Map of the difference between facility-scale (M3) measurements and (a) M1 (Masakkers et al., 2017), (b) M2 (Hristov et al.,
2017), and (¢) CALGEM (Jeong et al., 2016) in California. Positive (red) numbers indicate M1, M2, and CALGEM are higher than M3
measurements, while negative (blue) values indicate M3 is higher than M1, M2, or CALGEM. Gray values show where M1, M2, and
CALGEM show dairy emissions but M3 does not. The color bar represents absolute differences between the methods in gigagrams per
square kilometer, where red indicates M3 is lower than the other method, and blue indicates that M3 is larger than the other method.

Our estimate provides a baseline against which the effec- vals for the Central Valley are 1020-1740 Gg CH4/yr (Jeong
tiveness of digester systems to reduce CH4 emissions can et al., 2016), where the uncertainty in emissions is an order 1o
be assessed. Current top-down measurements of CH, emis- of magnitude larger than the reduction we expect to see from
sions in California are associated with large uncertainty and the digesters.

s are not likely to capture signals of this magnitude. Jeong et
al. (2016) inversion modeling posteriors suggest a 25 % er-
ror in CHy emissions in the California Central Valley, but
grid-scale error is much higher. The 95 % confidence inter-
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Figure 5. Total methane emissions of California San Joaquin Valley in gigagrams per square kilometer (a, b) before and (c) after installation
of anaerobic digesters. Darker red shows higher emissions. The box in panel (a) is expanded in panels (b) and (c).

4 Data availability

Raster files at 0.1° resolution of methane emissions from the
Vista-CA Dairy dataset and associated metadata are open
access and are available in the Oak Ridge National Labo-
ratory Distributed Active Archive Center for Biogeochemi-
cal Dynamics (ORNL DAAC) (Marklein and Hopkins, 2020;
https://doi.org/10.3334/ORNLDAAC/1814).

5 Conclusions

The farm-specific Vista-CA Dairies emission product is the
first spatially explicit database of CH4 emissions from dairies
at the farm scale. By separately mapping enteric fermentation
emissions and manure management emissions, our product is
valuable for source attribution and for determining the effects
of changes to management on greenhouse gas budgets. At
the state level, manure and enteric fermentation CH,4 emis-
sions from the farm-specific method were not significantly
different than previous analyses (Appuhamy, 2018; CARB,
2014; Hristov et al., 2017; Maasakkers et al., 2016), which
supports the validity of the farm-specific methodology. How-
ever, at the facility scale, state- or county-level assumptions
by EPA and CARB often do not match on-farm reality (Arndt
et al., 2018), particularly given that they use statewide aver-
age emissions factors that cannot capture regional differences
in climate or management.

The farm-specific data also explicitly include manure
management practices, which can vary with climate, geog-
raphy, and regional policy. The spatial differences in per-cow
emissions are particularly pronounced because of regional
patterns in manure management strategies. Because the Cen-
tral Valley primarily uses flush systems, storing a large per-
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centage of manure in lagoons, while North Coast and South-
ern California dairies tend to have scrape systems and open
lots, the Central Valley has higher per-cow emissions and
lower enteric-manure CH,4 emissions (Fig. 3).

We are most confident in the estimates in the San Joaquin
Valley region, where air quality permits and water board re-
ports exist, providing facility-level information on the herd
sizes and manure management practices. Major uncertain-
ties exist in both bottom up and top down estimates of CHy
emissions from dairies, including methane conversion fac-
tors, the number of cows, the amount of manure entering dif-
ferent waste streams, the time on concrete for the cattle, the
functionality and efficiency of solid-separator systems, and
the amount of manure solids used as bedding. Further, ma-
nure management strategies were not defined consistently in
the reports, so permit information may not be directly com-
parable between dairies.

Nevertheless, this dataset is the first comprehensive,
facility-scale inventory of CH4 emissions and can be easily
updated as more data become available. This includes addi-
tion or removal of dairies, updated information on herd de-
mographics, and information on manure management. We
can also update the database with new estimates for CHy
emissions as more data emerge and models become more
accurate. More facility-scale information could be gained
through either policy initiatives that require more detailed
reports or thorough data mining of spatial images. For ex-
ample, including an account of different types of feed will
improve enteric fermentation emission predictions (NRC re-
port 2018 24987-2). Mitigation activities including digesters,
diet changes, and manure management are implemented at
the facility scale. With emissions detail at the facility and
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