
1. Introduction
California’s agriculture sector has a large ecological footprint and farmers are under pressure to implement 
sustainable farming practices that combat climate change while sustaining their livelihoods. Economic 
models that incorporate climate change impacts on California agricultural production show a net nega-
tive impact on profits over the next 50 years (Deschenes & Kolstad, 2011). Similarly, global models predict 
crop yields to be negatively impacted by climate change (Challinor et al., 2014). Moreover, in California, 
water availability will become more scarce as temperatures rise (Dettinger et al., 2015; Williams, Seager, 
et al., 2015). In response to historic drought conditions, the Sustainable Groundwater Management Act 
(SGMA) was enacted to curtail groundwater overdraft on farms in order to sustain freshwater resources that 
support agriculture in the future (Rohde et al., 2017). Based on climate change impacts and scenarios, farm-
ers should be incentivized to implement practices that minimize water-use in order to sustain crop yields 

Abstract In coastal California, the peak growing season of economically important crops is 
concurrent with fog events, which buffer drought stress during the dry season. Coastal fog patterns are 
changing, so we quantified its effects on the energy, water, and carbon fluxes of a strawberry farm located 
in the fog-belt of the Salinas Valley, California. We used Geostationary Operational Environmental 
Satellite (GOES) total albedo to detect and quantify large scale patterns of coastal fog. We used eddy 
covariance (EC) to quantify actual evapotranspiration and gross primary productivity (GPP) at the 
field scale (approximately 0.5–3 hectares) from June to September 2016. We measured canopy-scale 
(approximately 0.6 m2) strawberry physiology on foggy and non-foggy days within the measurement 
footprint of the EC tower. Downwelling longwave radiation (L↓), observed by a surface-mounted 
pyrgeometer, was consistently higher on foggy compared to clear-sky days (regardless of fog-drip), 
indicating that emission of longwave radiation was derived almost entirely from the cloud base. L↓ 
and total GOES albedo were positively and strongly correlated (R2 = 0.68, P < 0.01). For both field- and 
canopy-scales, water-use and light-use efficiency increased by as much as 50% and 70%, respectively, 
during foggy compared to non-foggy conditions. The initial slope of the curvilinear relationship fit 
between GPP and photosynthetically active radiation was twice as steep during foggy (α = 0.0395) than 
non-foggy (α = 0.0210) conditions, suggesting that the scattering of light during fog events enhances 
photosynthetic output of whole-plants. Our results suggest that irrigation for these fields could be 
rescheduled during foggy periods without sacrificing plant productivity.

Plain Language Summary Coastal fog buffers the effects of heat and water stress on 
coastlands. In coastal California, the growing season of the most economically important crops occurs 
during the foggy summer months. The influence of coastal fog on the water use and carbon gain of farms 
has potential to inform future farming practices that aim to adapt to climate change. We investigated 
the impact of coastal fog on the water, carbon, and energy fluxes on a strawberry farm in California. 
We observed that water loss from plants and soil was significantly reduced during fog events due to a 
decrease in atmospheric stress. To our surprise, we found that total carbon gain by strawberry plants 
was unchanged between foggy and clear-sky days, despite a decline in plant-available light during fog 
events. Our results support the idea that an enhancement in diffuse, that is, scattered, light optimize s 
light absorption of whole-plants. Our study provides evidence that would support a reduction of irrigation 
during fog events without compromising crop productivity.
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in the future (Jackson et al., 2011). Determining how local environmental factors control carbon and water 
exchange between the surface and atmosphere in agricultural systems is necessary for developing adaptive 
management strategies for mitigating climate change impacts on farms.

California leads in cash crop receipts in the United States (CDFA Agriculture Statistics Review,  2019). 
Strawberries are one of the top 10 most economically important crops in California, and the majority are 
grown in central coastal California (CDFA Agriculture Statistics Review, 2019). In crop year 2016–2017, 
strawberry production in California contributed $1.8 billion USD to the state’s $46 billion USD agricultural 
industry and was ranked as the sixth most valuable export crop (CDFA Agriculture Statistics Review, 2016). 
Strawberry cultivation accounts for nearly 150 km2 of California’s coastal agricultural land (Fissell, 2018). 
The majority of strawberry farms are located along the central coast from Santa Cruz to Ventura County 
(Geisseler & Horwath, 2016). The strawberry growing season (May–October) overlaps with the occurrence 
of summertime coastal California fog events (Dawson, 1998; Clemesha et al., 2016). Coastal fog is common-
ly defined as a low-lying stratocumulus cloud that touches the ground (Torregrosa et al., 2016). Coastal fog 
events have also been defined to include low-lying stratocumulus clouds that may not touch the ground, but 
are below a specific altitude (Williams, Schwartz, et al., 2015). In this study, we use this second approach 
and define “coastal fog” to include low-lying (<1,000 m) stratocumulus clouds that may or may not touch 
the ground.

The intersection of coastal fog and agriculture depends on the inland extent of coastal fog, which is largely 
controlled by the coastal-inland temperature gradient, prevailing wind direction, and coastal topography 
(Torregrosa et al., 2016). The majority of coastal strawberry farms located in the Monterey Bay, a hotspot for 
strawberry production and where our study was conducted, are on the leeward side of coastal mountains 
and tend to be located within 4 km of the coastline. These areas are in the “fog belt,” meaning that they have 
the highest probability of being influenced by coastal fog events when they occur (Torregrosa et al., 2016).

Spatial and temporal variability in coastal fog during the growing season can affect crop water use and car-
bon gain. Baguskas et al. (2018) demonstrated that strawberry plant water-use efficiency, that is, water loss 
per unit carbon gain, increases during fog events at the plant canopy scale (0.6 m2). These results suggest 
that utilizing knowledge about conditions associated with local meteorology has the potential to increase 
water savings for farmers without compromising primary productivity of crop plants. While there are many 
ways in which this study differs from Baguskas et al. (2018), an important distinction is that we compared 
how coastal fog events affect carbon, water, and radiation fluxes using eddy covariance side-by-side with 
canopy-scale flux measurements. Determining if patterns at the level of canopies (m2) are consistent with 
the agroecosystem scale (>100 m2) has greater potential to increase farmer confidence to adjust their irriga-
tion regime based on knowledge of local meteorology.

Coastal fog enshrouds California predominately during the rainless summertime months (May–August) 
and impacts the water, carbon, and energy balance of ecosystems in several ways (Weathers et al., 2020). 
Fog-drip can directly augment plant water availability by increasing soil moisture in forests (Baguskas 
et al., 2017; Carbone et al., 2013; Dawson, 1998; del-Val et al., 2006; Ewing et al., 2009; Fischer et al., 2009), 
shrublands (Vasey et al., 2012), and grasslands (Corbin et al., 2005). Lower ambient temperature and higher 
relative humidity during fog events dampen atmospheric water stress and reduce transpiration rates, thus 
plant demand for water (Baguskas et al., 2016, 2018; Burgess & Dawson, 2004; Johnson & Smith, 2008; 
Ritter et al., 2009). Shading by coastal fog reduces total incoming solar radiation and evaporative water loss 
from ecosystems (Fischer et al., 2009), which impacts plant and microbial activity (Carbone et al., 2013). 
Coastal fog also changes the quality of plant-available light (Johnson & Smith, 2008; Letts & Mulligan, 2005; 
Reinhardt et al., 2010). The change in light quality and availability can be important in non-forested ecosys-
tems, too. Baguskas et al. (2018) demonstrated that leaf-level photosynthesis of strawberry crops in coastal 
California was reduced by 30% during foggy compared to clear-sky conditions. While the decline of individ-
ual leaf photosynthesis can be attributed to lower plant-available light during fog events, studies have also 
shown that primary productivity, namely gross primary productivity (GPP), can increase on cloudy days at 
larger spatial scales (Still et al., 2009; Wu et al., 2012; Zhang et al., 2011). A primary explanatory factor of 
this pattern is greater diffuse sky irradiance, that is, scattered light, that drives higher plant light-use effi-
ciency (LUE), unit of carbon gained per photon of light absorbed (Alton et al., 2007; Gu et al., 2003; Still 
et al., 2009; Williams et al., 2014), including in croplands (Cheng et al., 2014; Choudhury, 2001).
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Diffuse photosynthetically active radiation (PARD) increases as a proportion of total PAR when incoming 
shortwave radiation is scattered by cloud cover (Oliphant et al., 2011), airborne particulate matter emitted 
by volcanic eruptions (Gu et al., 2003), wildfires (Hemes et al., 2020), dust storms (Xi & Sokolik, 2012), and/
or aerosols from anthropogenic emissions (Jacovides et al., 1997). Ecosystem GPP increases under diffuse 
light conditions because leaves that are deeply shaded under direct beam light receive higher photon densi-
ty under diffuse light conditions (Alton et al., 2007; Still et al., 2009). Cheng et al. (2014) found that PARD ex-
plained 41% of the variation in cropland GPP independent of direct light levels. Enhanced LUE in response 
to greater PARD has been demonstrated in numerous ecosystems, including coniferous and broadleaf forests 
(Cheng et al., 2014; Oliphant et al. 2011; Still et al., 2009), arctic tundra (Williams et al., 2014), wetlands 
(Hemes et al., 2020), and agriculture (Choudhury, 2001; Hemes et al., 2020). However, the strength of this 
relationship depends on the specific sky conditions. For example, optically thin clouds or aerosols that en-
hance intermediate levels of PARD resulted in a net increase in annual GPP for a mixed deciduous forest, 
while optically thick clouds had a negative impact on GPP (Oliphant et al., 2011). In this study, the trade-
off between the benefit of diffuse light enhancing crop LUE and the reduction of total PAR by clouds that 
dampen GPP will depend on the characteristics of the fog event.

Detecting and characterizing spatial and temporal patterns of coastal fog in ecologically significant ways ne-
cessitates the coupling of ground and remotely sensed observations (Rastogi et al., 2016). Using a spatially 
explicit model, Clemesha et al. (2016) investigated the long-term seasonal patterns of coastal low cloudiness 
(CLC) during the summertime and found that in comparison to southern California, cloud cover in central/
northern California peaks later in summer. The extent and duration of coastal fog events in California is 
inversely related to urbanization based on an analysis combining airport observations of air temperature 
and coastal fog (Williams, Schwartz, et al., 2015). Torregrosa et al. (2016) used Geostationary Operational 
Environmental Satellite (GOES) products to develop fog and low cloud frequency maps that quantify spa-
tial patterns of coastal fog during the daytime and nighttime at hourly, seasonal, and decadal time steps in 
California, which can be used to predict how changes in coastal fog have or will impact bioclimates impor-
tant for species’ distribution. In California’s Central Valley, Baldocchi and Waller (2014) found a decline in 
winter fog over a 32-year period based on analysis of spatial and temporal patterns of fog climatologies. A 
decline in winter fog has negative implications for the fruit and nut tree yields in the region (Baldocchi & 
Waller, 2014). These studies show how remote sensing approaches can be used to quantify fog dynamics 
that can impact surface conditions in ecologically meaningful ways. What remains unclear is how spatio-
temporal variation in fog frequency directly impacts agroecological patterns and processes, such as primary 
productivity of crops.

The objectives of our study were to: (1) link remote sensing with ground-based radiation flux observations 
for detecting, characterizing, and quantifying fog events, and (2) compare carbon, water, and energy fluxes 
in strawberry crops over space and time in the presence and absence of coastal fog. We hypothesized that: 
(1) downwelling longwave radiation (L↓), a component of Earth’s radiation balance, would be a reliable 
ground-based measurement for detecting and characterizing coastal fog because L↓ magnitudes should be 
significantly greater under low clouds due to their higher emissivity than clear-skies; (2) L↓ would relate 
to cloud albedo observed from satellite imagery; (3) crop LUE would increase under foggy conditions due 
to the enhancement of diffuse light; and (4) crop water-use efficiency would increase under foggy condi-
tions in response to a combination of lower atmospheric evaporative demand and higher LUE. To test our 
hypotheses, we quantified carbon gain and water loss of strawberry crops on a large, conventional farm in 
central coastal California at the canopy (1 m2) and field (>100–300 m2) scales and linked them to temporal 
variation in fog events during the growing season (May–October 2016).

2. Materials and Methods
2.1. Study Site

We conducted a field investigation at a coastal, conventional strawberry farm located in the Salinas Valley, 
California. The farm was 0.25 km2 in area and located approximately 1.5 km from the coastline near sea 
level (see Baguskas et al., 2018 for site map). The peak strawberry growing and harvest season began in May 
2016 and the final harvest was in October 2016. The strawberry crops (Fragaria × Albion var.) were grown 
using conventional methods (Fissell, 2018). Strawberry rhizomes were planted in parallel rows on top of 
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field beds. Each strawberry bed (52 cm wide and 30 cm tall) was planted with two rows of strawberry plants 
that were spaced 30 cm apart. A layer of dark gray-colored plastic mulch was used to cover the soil surface 
per local agricultural practices. Two drip irrigation tapes were placed in each bed beneath the plastic mulch 
close to the strawberry plants, and were used to water the crop during the entire growing season. Each irri-
gation event usually occurred between 08:30 and 10:30 h and was applied at 9 psi for ∼1.5 h. We measured 
irrigation flow rates by installing a flowmeter (Badger Flow Meter, Meter Group Inc.) in four beds where we 
sampled and soil moisture sensors (EC5, Meter Group Inc.) at three depths (∼5, 10, and 20 cm). We found 
that strawberry plants were irrigated regularly during the growing season, which maintained soil volumet-
ric water content in the primary rooting zone (∼10–20 cm deep) at nearly 0.25 m3 m−3 (Figure S1). In other 
words, plants were well-watered with the irrigation treatment, and we were focusing on the atmospheric 
impacts of fog and energy budgets.

2.2. Quantifying Coastal Fog and Meteorology
2.2.1. Remote Sensing of Coastal Fog

We used GOES-WEST 15 Imager measurements to identify and quantify cloudiness. As in our previous 
work (Baguskas et al., 2018), we used the visible, shortwave infrared (IR), longwave IR channels (channel 
numbers 1, 2, and 4, respectively) and an established algorithm (Clemesha et al., 2016) to identify the pres-
ence of low-level water clouds (as distinct from clear conditions and high-level ice clouds) at 4 km resolu-
tion every 30 min over a 24 h time period. The percent of time that low-level clouds were detected in the 
satellite data is referred to as the coastal low cloud and fog (CLCF) index and is summarized with monthly 
means for June–August 2016. Albedo is a measure of reflectivity, defined as the ratio of reflected radiation 
to incident radiation. We used GOES total scene albedo measurements at the 4 km grid scale co-located with 
the study site every 30 min during daylight hours (07:00–18:30 h) to quantify sky conditions. If cloud cover 
and/or cloud optical thickness increases within a pixel, the value of albedo increases in that pixel. We used 
total GOES albedo to provide a scale of cloud reflectivity, that is, how much sunlight the cloud is blocking 
from reaching the surface, and related the albedo scale to radiation metrics recorded on the ground using 
a pyrgeometer.

2.2.2. Measuring Local Coastal Fog and Meteorology

We refer to “foggy” conditions as the presence of a low-level stratiform cloud layer either in contact with 
the ground or elevated above it. Non-foggy conditions refer to clear-sky conditions. Williams, Schwartz, 
et al. (2015) use altitudinal variation in cloud base height (CBH) to distinguish fog and low stratus clouds in 
coastal California, where the lowest 25% of stratus are defined as “fog” and low stratus clouds are between 
the “fog” altitude and 1,000 m. Any clouds above 1,000 m are defined as high clouds. Using this definition, 
we found that clouds in our study area with CBHs at or below 175 m were “fog” and clouds with CBHs 
between 175 and 1,000 m were low stratus clouds. Hereafter, we use “coastal fog” or “foggy” conditions to 
refer to both fog and low stratus clouds. Using airport cloud height observations to assess the frequency of 
coastal fog events versus high clouds, we found that high clouds occurred less than 5% of the time during 
our study period. Therefore, coastal fog was the dominant cloud type during our study period (Figure S2 
and Table S1). We found that a threshold value of downwelling longwave radiation was useful to distinguish 
foggy and non-foggy conditions, which is described in our results section.

We installed a passive fog collector (Hiatt et al., 2012; Schemenauer & Cereceda, 1994) at approximately 
0.30 km from our field site to measure total fog water inputs at hourly intervals (Baguskas et al., 2018). The 
fog collector was constructed of a 1 m2 mesh screen mounted 2 m off the ground surface perpendicular 
to the prevailing wind direction. Fog water droplets deposited on the mesh screen drip into a collection 
trough below that is angled toward a tipping bucket rain gauge (ECRN-100 high-resolution rain gauge, 
Meter Group Inc.). Each tip of the tipping bucket is equal to 0.2 mm of water. The total number of bucket 
tips was recorded every 15 min for the entire study period. We calculated the total fog water inputs each 
hour of the day (Baguskas et al., 2018). Meteorological observations that were co-located with the passive 
fog collector included: leaf wetness (mV) (Leaf Wetness Sensor, Meter Group Inc.), temperature (°C) and 
relative humidity (%) (VP3, Meter Group Inc.), total solar radiation (W m−2) (PYR, Meter Group Inc.), and 
wind speed, direction, and gust speed (DS2-Sonic Anemometer, Meter Group Inc.). Each environmental 
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variable was recorded every 15 min over the study period. We summarized these data by calculating the 
hourly average value for each variable. These meteorological measurements supplemented the eddy covari-
ance observations by providing information about whether or not fog events generated drip, which allowed 
us to disentangle variation in coastal fog events.

2.3. Micrometeorological Measurements

We deployed a micrometeorological station in the strawberry farm between June 10 and October 3, 2016, 
including eddy covariance (EC) instruments to measure trace gas fluxes of CO2 and H2O. The location of 
the station was selected to ensure reasonable fetch of homogeneous strawberry fields during the prevailing 
onshore air flows ranging from SW to NW. The eddy covariance system was comprised of a 3-dimensional 
sonic anemometer-thermometer (CSAT3, Campbell Sci.) and an open path infrared gas analyzer (Li-7500, 
LiCor Inc.), which were deployed at 3.0 m above ground level. These instruments were sampled at 10 Hz by 
a CR1000 data logger (Campbell Sci.) and stored on a flash memory card. The major components of the sur-
face radiation budget were measured using a four-component radiometer (CNR1, Kipp&Zonen) deployed 
at 0.5 m above the strawberry canopy. This provided incident global solar radiation, the portion reflected 
upward from the crop canopy and longwave radiation (instrument spectral response is 5–50  µm), both 
downwelling from the atmosphere above, and emitted from the upper surfaces of the strawberry crop can-
opy. The instrument is widely used by the micrometeorological and biometeorological community and has 
been used for global estimates of atmospheric downward longwave radiation for land surfaces (e.g., Wang & 
Liang, 2009). Air temperature and relative humidity were measured at 3.0 m using a HMP45C probe (Vaisa-
la Corp.), and soil heat flux was determined using three heat flux plates (HF01, Hukseflux) installed at 6 cm 
with soil temperature in the layer above measured by three sets of spatial averaging thermocouples. Implau-
sible spikes in the high frequency data set were defined by three or fewer consecutive samples greater than 
3.5 standard deviations of a moving 5-min window (after Vickers & Mahrt, 1997). Vertical fluxes were calcu-
lated from 30-min covariance blocks after removal of these spikes in the high frequency data. The CO2 and 
H2O mass fluxes were then corrected for density fluctuations (WPL corrections), and planar-fit coordinate 
rotations were applied (Lee et al., 2004). The distribution of the flux source area in the upwind direction was 
calculated for each 30-min period (n = 6,995) using the analytical footprint model of Hsieh (2000). Over the 
entire study period, the 90th percentile of the flux source in the upwind direction ranged from a few meters 
to more than 600 m, though averaged 157 m, with a median of 89 m. This data set of gas fluxes, therefore, 
spatially represents fields of strawberry crop rows over an area of approximately 0.5–3 hectares.

Eddy covariance data quality control included data flagging dependent on instrument performance, flux 
source area and turbulent conditions. First, data were flagged based on diagnostic codes for the sonic an-
emometer and gas analyzer, although the number of periods rejected due to instrument performance was 
negligible. Second, using a satellite image of the farm, the distance from the tower to the boundary of 
homogenous strawberry fields was determined for each octant of wind direction. These distances were 
compared with those found using the source area model, and data were rejected if less than 90% of the flux 
source area was contained within the strawberry fields. Due to this criterion, 16% of 30-min observational 
periods were rejected, although only 9% during daylight hours when less stable atmospheric conditions 
shorten the fetch. EC measurements have been shown to underestimate the flux under conditions of low 
turbulent energy, which particularly occurs at night (Lee et al., 2004). Following Papale et al. (2006), we esti-
mated the minimum friction velocity (u*) threshold for rejection for this site as u* ≤ 0.1 m s−1. This criterion 
caused the most frequent rejection of data (18% over the entire study period and 9% during daylight hours).

The EC-determined net ecosystem exchange of CO2 (NEE, mgC m−2 s−1) is the balance between gross pri-
mary production by photosynthesis and ecosystem respiration (RE). The sign convention used here is that 
negative NEE represents an atmosphere to ecosystem flux while positive NEE represents an ecosystem to 
atmosphere flux. The relative contributions of GPP and RE to an eddy covariance measurement of NEE 
were estimated following (Lee et al., 2004), by modeling respiration based on the relationship between soil 
temperature and nocturnal NEE at the 30-min timescale (assuming photosynthesis is zero at night). This 
was done separately for each month to account for changes in the phenological cycle. Based on this relation-
ship, we modeled RE for each daytime period and GPP was calculated by GPP = NEE + RE.
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We fit a commonly used empirical light use efficiency model based on a rectangular hyperbola (Equa-
tion 1) to the observed PAR and GPP estimates at the 30-min timescale (e.g., Gilmanov et al., 2010; Oliphant 
et al., 2011; Xu & Baldocchi, 2004),

D

D

u u
 

� u
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max
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GPP

PAR
A

A
 (1)

where the coefficient α is the initial slope of the LUE curve and Amax is the point of maximum GPP.

In order to estimate the diffuse fraction of PAR (ϕ), we used a semi-empirical model that requires only total 
solar radiation (K↓) to be measured (Oliphant & Stoy, 2018). First, global PAR was calculated from K↓ using 
a regression derived from a coastal San Francisco location which used the same pyranometer as this study 
(PAR = 2.14 K↓, r2 = 0.998, n = 62,417). Second, the equivalent extraterrestrial solar radiation (KEx) was 
calculated for each 30-min period using Whiteman and Allwine (1986), and the transmission index was 
derived from τ = K↓/KEx. Third, τ was used to estimate ϕ by,
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Model coefficients were derived for summer months from radiation datasets that included diffuse PAR 
data collected at two nearby coastal sites (Oliphant et al., 2021). To assess the relationship between GPP, 
PAR, and ϕ, we calculated average GPP for every 100 µmol m−2 s−1 bin of PAR and 0.1 bin of ϕ, creating a 
matrix of GPP values for each PAR-ϕ combination. This was smoothed using a 2-D convolution, whereby 
the value for each point in the matrix is the weighted average of the point itself (60%) and the surrounding 
eight points (5% each), and created a filled contour plot of the derived matrix. A Pearson correlation analysis 
was performed to test relationships between field measurements of micrometeorology and L↓ with daytime 
GOES albedo (n = 2,408 observations). This analysis was performed using the 'stats' package in R version 
3.6.1.

2.4. Canopy Physiology

We evaluated the physiology of strawberry plants at the canopy scale (0.6 m2) to foggy and non-foggy con-
ditions within the areal footprint of the EC-tower (approximately 0.5–3 hectares) by measuring CO2 and 
H2O vapor fluxes. We randomly sampled canopy height and leaf area index (LAI; Model LI-2200, LI-COR) 
from 30 to 35 strawberry plants in mid-July. Average canopy height was 32 ± 3.12 cm (n = 30) at full-leaf 
emergence with an average LAI of 1.76 ± 0.46 (n = 35) and range between 1.13 and 3. We used an open-path 
infrared gas analyzer (IRGA; Model LI-7500A, LI-COR) placed in an infrared-transparent Tefzel® chamber 
(DuPont; 0.75 m wide × 0.75 m long × 0.75 m tall) over four plant canopies per flux measurement, as de-
scribed in our previous work (Baguskas et al., 2018). We randomly collected approximately 10 canopy flux 
measurements per day between 09:00 and 13:00 h from mid-June to late-August in 2016. The concentration 
of CO2 and H2O were recorded once per second over approximately 300 s (5 min) per sample. Change in 
concentration (mg m−3 s−1) of gases measured in the chamber were converted to a flux (µmol m−2 canopy 
area s−1) (Baguskas et al., 2018; Patrick et al., 2007). To normalize canopy-level CO2 and H2O flux measure-
ments by canopy area, we measured ground area per sample from a digital photograph of the four plant 
canopies at 1 m overhead, which was converted to a binary image from which fractional green canopy cover 
was calculated using the Canopeo App (Patrignani & Ochsner, 2015). We define canopy-level carbon uptake 
as Net Canopy Exchange (NCE), which is net ecosystem exchange with the soil component reduced due to 
the agronomic practice of covering strawberry soils with plastic. Similarly, soil evaporation and respiration 
were excluded from our canopy-level CO2 and H2O flux measurements. Canopy-level water-use efficien-
cy (WUE) and LUE were calculated by dividing NCE (µmol  CO2  m−2  s−1) by water vapor conductance 
(mmol H2O m−2 s−1) and photosynthetically active radiation (PAR, µmol m−2 s−1), respectively. An analysis 
of variance was performed to test for statistical differences in physiological responses at the canopy-level 
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between foggy (n = 80) and non-foggy (n = 63) conditions using the “aov” function in RStudio version 
0.99.892 (R Development Core Team 2016) statistical software package.

3. Results
3.1. Characterizing Coastal Fog Events From Remote Sensing, Microclimate Variables, and 
Ground-Based Radiometers

At our study site, average monthly satellite-derived CLCF increased progressively during the summer 
months. CLCF were present during 38% of June, 57% of July, and 76% of August (Figures 1a–1c). Based on 
ground observations from mid-July (DOY 201) to early August (DOY 220), L↓ values increased by 24% from 
clear-sky to foggy conditions at the onset of a fog-drip event (Figures 2a and 2b, and I to II). After the fog-
drip event, L↓ values remained high (∼380 W m−2) between DOY 213–220 (Figures 2a and 2b, III, fog and 
low cloud). Total direct photosynthetically active radiation (PARS, 400–700 nm, µmol m−2 s−1) decreased by 
50% between clear and foggy conditions, while diffuse PAR (PARD) increased by 80% (Figures 2c and 2d, I 
to III). Vapor pressure deficit (VPD, kPa) declined by approximately 75% between the clear-sky conditions 
and fog-drip event (Figure 2e).

We observed a bimodal distribution in the frequency of L↓ during the summertime (Figure 3). Non-foggy 
conditions were characterized by L↓ values between 250 and 350 W m−2 (e.g., L↓ = 309 W m−2) while values 
between 350 and 400 W m−2 characterized foggy conditions (e.g., L↓ = 380 W m−2) (Figure 3). We used a 
L↓ threshold value of 350 W m−2 to distinguish foggy and non-foggy conditions based on the minimum 
frequency between the two dominant modes in the distribution. We found that L↓ was a useful indicator 
of when there are clouds above the field site, regardless of specific cloud base height value (Figure S2). 
However, coastal fog events were the dominant cloud type during the study period, as compared to high 
clouds (Figure S2 and Table S1). We also found that GOES-derived total albedo predicts L↓ values less than 
350 W m−2 corresponding to non-foggy conditions, whereas L↓ values above 350 W m−2 correspond to foggy 
conditions (Figure S3). Based on this L↓ threshold, we found that it was foggy 55% and not foggy 44% of the 
30-min periods during the summer, regardless of fog-drip events (Figure 3).

GOES-derived total albedo, a good proxy for daytime CLCF, is strongly and positively correlated with L↓ 
(r = 0.83, P < 0.01) (Figure S4), which is also evident in the timeseries of L↓ and GOES albedo (Figure S5). 
GOES-derived total albedo is also positively correlated with diffuse fraction of PAR (ϕ; r = 0.83, P < 0.01) 
and relative humidity (RH; r = 0.54, P < 0.01) measured from the eddy covariance tower (Figure S4). Total 
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Figure 1. (a)–(c) Monthly coastal low cloudiness and fog (CLCF) index for the study area calculated from GOES-satellite imagery. The scale varies from 
lower (red) to higher (blue) occupancy by CLCF during June (a), July (b), and August (c). Black dots represent our study site in the Monterey Bay, the Salinas 
Municipal airport, and Monterey Regional airport (airport observations are used in supporting information). Dark gray line demarks 200 m elevation contour. 
CLCF, coastal low cloudiness and fog; GOES, Geostationary Operational Environmental Satellite.
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albedo is linearly and inversely correlated with K↓ (r = −0.70, P < 0.01). 
During fog events, more solar radiation is reflected from the top of clouds 
(and a smaller fraction absorbed by clouds) and K↓ scales and decreas-
es accordingly. Total albedo had a weak, negative correlation to GPP 
(r  =  −0.23) but a stronger, negative relationship to evapotranspiration 
rates (ET; r = −0.57) (Figure S4).

3.2. Crop Response to Fog
3.2.1. Strawberry Field Water-Use and Light-Use Efficiency 
Increase During Fog Events

Diurnal 30-min averages over the growing season show lower total PAR 
during foggy than non-foggy conditions (Figure  4a). Despite 45% low-
er light levels at the daily timescale, we observed similar rates of GPP 
and NEE for strawberry plants under foggy and non-foggy conditions 
(Figures  4b and  4c and Table  1a). Conversely, evapotranspiration rates 
(ET, mm) were consistently lower (overall by 39%) during foggy than 
non-foggy periods (Figure 4d). Together, WUE of strawberry crops was 
50% higher during fog events (Table 1a), which is also evident from the 
steeper initial rate of change in GPP with ET during foggy (α = 30.8) than 
non-foggy (α  =  22) conditions, and much higher Amax (Figure  5a; Ta-
ble 1a). The curvilinear fit (r-squared values) for determining WUE was 
higher under foggy than non-foggy conditions (Table 1a). The difference 
in fit is likely related to the wider range of microclimate variables (espe-
cially downwelling shortwave radiation, ambient temperature, and VPD) 
experienced under non-foggy compared to foggy periods. During foggy 
periods, conditions tend to be more consistent, that is, low light, smaller 
range in temperature (∼12°–15°C) and low VPD. These results show that 
strawberry plants transpire less water per unit carbon gained during fog 
events compared to non-foggy conditions. Since these plants were equally 
well-watered throughout the growing season, lack of plant water availa-
bility cannot explain these patterns.

Field-scale strawberry crop LUE was higher during fog events as shown 
by the initial slope of the curvilinear relationship fit between GPP and 
PAR, which was nearly twice as steep during foggy (α  =  0.0395) than 
non-foggy (α  =  0.0210) conditions (Figure  5b; Table  1b). The curvilin-
ear fit (r-squared values) for determining LUE was higher under foggy 
(R2 = 0.72) than non-foggy (R2 = 0.44) conditions (Table 1b). Figure 6 
shows GPP as a function of both PAR and the diffuse fraction of PAR 
(ϕ). GPP was positively correlated with PAR as expected. However, for a 
given level of PAR, GPP was also positively correlated with the fraction 
of diffuse PAR (ϕ) (Figure 6). The optimal light conditions for GPP were 
at moderately high PAR levels (∼1,500 µmol m−2 s−1) when the diffuse 
fraction was also moderately high (ϕ = ∼0.7).

3.2.2. Strawberry Canopy Water-Use and Light-Use Efficiency Increase During Fog Events

NCE was slightly higher, i.e., more negative, on non-foggy than foggy days (Figure 7a; average difference 
in NCE of 2 µmol m−2 s−1; F = 4.4, P = 0.04). Canopy transpiration rates were significantly lower on foggy 
compared to non-foggy periods (Figure 7b; F = 27.3, P < 0.001). Consistent with field-scale observations, 
canopy- scale strawberry plant water-use efficiency was 32% higher during foggy compared to non-foggy 
periods, and this difference was significant (Figure 7c; F = 5.7, P = 0.02). We also found a significant correla-
tion between canopy-scale transpiration rates and field-scale evapotranspiration rates (r = 0.47, P < 0.001), 
suggesting that mechanisms that control leaf and canopy transpiration rates can determine water loss at 
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Figure 2. Micrometeorological conditions of a fog event. Fog-
drip magnitude (a), downwelling longwave radiation (b), direct 
photosynthetically active radiation (c), diffuse photosynthetically active 
radiation (d), and vapor pressure deficit (e) during 2016 DOY 201–219. 
The fog event is separated into clear-sky conditions (I), a fog-drip event of 
several days (II), and  eight fog & low cloud days (III).
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the field-scale. Canopy light-use efficiency was also significantly higher 
by 68% during foggy compared to non-foggy periods (Figure 7d; F = 36.9, 
P < 0.001).

4. Discussion
4.1. Significant Increase in Crop Water and Light-Use Efficiency 
During Coastal Fog Events

Our results support our third and fourth hypotheses that strawberry crops 
would have higher LUE and WUE during summer coastal fog events 
compared to clear-sky days. The increase in strawberry crop WUE dur-
ing fog events was consistent with patterns observed in the previous year 
(Baguskas et  al.,  2018). These findings support the idea that including 
local meteorology in water-use decisions can be aligned with water con-
servation goals in California’s water-stressed agricultural systems. For ex-
ample, in these strawberry fields irrigation application could be reduced 
during foggy periods, especially during drought years. Specifically, since 
WUE of strawberry crops doubles during foggy compared to clear-sky 
conditions, it is plausible for farmers to reduce irrigation by approximate-
ly half. A more conservative and likely realistic adjustment to irrigation 
during fog events would be a reduction by 25%, and this is supported not 
only based on the increase in crop WUE but also the effect of irrigation 
on volumetric soil moisture (Figure S1).

Similar rates of carbon uptake between foggy and non-foggy conditions 
could be explained by greater LUE of crops observed at both the canopy 
and field-scales. The increase in LUE during fog events is consistent with 
numerous studies that have investigated the impact of cloudiness on eco-
system carbon fluxes (Alton et al., 2007; Berry & Goldsmith, 2020; Cheng 
et al., 2014; Choudhury, 2001; Emmel et al., 2020; Kanniah et al., 2013; 
Oliphant et al., 2011; Williams et al., 2014). Specifically, the initial light 
response (α) that we observed for strawberry crops was higher under 

diffuse than direct light conditions, and agrees with findings across at least six other crop types (Emmel 
et al., 2020). We showed that highest GPP occurred under conditions when both total PAR and ϕ were mod-
erately high, which likely occurred under conditions of thin clouds when most light was able to penetrate 
the canopy but when there was also a high degree of scattering. This suggests that maximum carbon uptake 
by strawberry crops may be greatest at the transition between foggy and clear-sky conditions, which tends to 
be in the late-morning and afternoon. Similarly, Hemes et al. (2020) found that gross ecosystem productivity 
(GEP) over croplands in the Central Valley of California was sensitive to the ratio of PARS and PARD as af-
fected by wildfire smoke. On more extreme smoke days, GEP declined in response to lower total PAR while 
on moderate smoke days, GEP increased in response to higher LUE of crops. Alton et al. (2008) determined 
that carbon sequestration rates do not increase during overcast versus clear-sky conditions, emphasizing 
that the direction and magnitude by which diffuse light impacts ecosystem productivity varies across eco-
system types and cloud fraction or thickness. The results from this study suggests strawberry crops also ex-
perience a photosynthesis trade-off produced by clouds which both limit available light for photosynthesis 
and enhance light use-efficiency. In the case of coastal fog over strawberry crops, the trade-off produces very 
similar levels of photosynthesis under clear skies and foggy conditions at the field scale.

We hypothesized that a primary mechanism underlying enhanced LUE of strawberry crops during fog 
events is the change in geometry of the incident light, such that diffuse light irradiates more leaves within 
the canopy than direct-beam radiation. This could effectively elevate whole-plant carbon uptake (Farquhar 
& Roderick, 2003). Emmel et al. (2020) demonstrate that GPP was significantly greater under diffuse rath-
er than direct radiation conditions for six different arable crops, which varied in their canopy structures. 
Canopy architecture variables, such as mean leaf tilt angle, were most important under diffuse conditions 
relative to climate factors that contributed more explanatory power to variation in GPP under direct light 
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Figure 3. Frequency distribution of the total number of observations of 
downwelling longwave radiation (L↓ for wavelengths between 4.5 and 
52 µm, W m−2) observed over the summertime (DOY 162–246). Each bar 
represents the total number of L↓ observations within each 10 W m−2 
increment. Over the sampling period, there were a total of 1,177 h of 
fog and 825 h of non-foggy conditions. Photographs from the field site 
show conditions during a (left) clear-sky and (right) foggy day with 
corresponding values of L↓ and total GOES albedo (% of reflected radiation 
to incident radiation) above each image. Vertical dashed line indicates an 
L↓ threshold of 350 W m−2 that separates non-foggy (L↓ < 350 W m−2) 
and foggy (L↓ > 350 W m−2) conditions. GOES, Geostationary Operational 
Environmental Satellite.
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Figure 4. Diurnal 30-min average and standard deviation (error bars) of (a) PAR, (b) GPP, (c) NEE, and (d) ET for 
foggy (gray) and non-foggy (orange) conditions from June to September 2016 determined by eddy covariance for 
strawberry crops at the field scale (0.5–3 ha). ET, evapotranspiration; GPP, gross primary productivity; NEE, net 
ecosystem exchange; PAR, photosynthetically active radiation.

a. Water-use efficiency (WUE)

Daily totals from diurnal averages Model coefficients and statistics

Condition GPP (gC m−2 d−1) ET (kg H2O m−2 d−1) WUE (g kg−1) α Amax R2 N

Fog 22.9 0.97 23.6 30.8 3.6 0.57 1,137
Non-foggy 22.6 1.58 14.3 22 1.1 0.40 1,056

b. Light-use efficiency (LUE)

Daily totals from diurnal averages Model coefficients and statistics

Condition GPP (mol m−2 d−1) PAR (mol m−2 d−1) LUE (mol mol−1) α Amax R2 N

Fog 1.831 31.40 0.058 0.0395 26.5 0.72 1,232
Non-foggy 1.825 57.68 0.032 0.0210 25.7 0.44 1,182

Daily totals were calculated from 30-min ensemble averages over the diurnal cycle (as presented in Figure 4) using all available observations from June to 
September 2016.
Abbreviations: ET, evapotranspiration; GPP, gross primary productivity; LUE, Light-Use efficiency; PAR, photosynthetically active radiation; WUE, Water-Use 
efficiency.

Table 1 
Summary of Field-Scale (0.5–3 ha) (a) Water-Use Efficiency and (b) Light-Use Efficiency Calculations Based on: Daily Totals of (a) GPP, ET, WUE and (b) GPP, 
PAR, LUE and Extracted Parameters From Each WUE and LUE Curves (See 5)
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conditions. These results indicate that canopy structure is especially relevant to explain enhanced photo-
synthesis under diffuse light conditions.

Diffuse light penetration into the canopy is not the only mechanism we hypothesize to be involved with the 
enhancement of GPP under foggy conditions. For example, VPD was lower (unrelated to canopy structure), 
and leaf temperatures were moderated (only partly related to canopy structure) under more diffuse condi-
tions, and these both show positive effects on ecosystem photosynthesis (e.g., Knohl & Baldocchi, 2008). In 
a forested ecosystem, Urban et al. (2007) attributed an observed 150% increase in ecosystem carbon uptake 

during cloudy days compared to clear-sky conditions to more effective 
penetration of diffuse radiation into the lower portion of the tree canopy. 
Other mechanisms could be responsible, such as more favorable micro-
climate conditions as well as changes in the blue/red light ratio. However, 
these factors explained less of the variability in NEE than the increase in 
diffuse light conditions (Oliphant et al. 2011; Urban et al., 2007). While an 
increase in PARD is likely the main driver of enhanced LUE of strawberry 
plants in our study, covarying conditions interact with changes in light 
scattering in ways that impact primary productivity during fog events 
(Fischer et al., 2009). Kanniah et al. (2013) found that the LUE of tropi-
cal savanna species was sensitive to covarying conditions during cloudy 
periods such that LUE increased only under favorable conditions (low 
temperature and VPD). Santiago and Dawson (2014) demonstrate that in-
duction of photosynthesis by diffuse light prior to exposure to light flecks 
substantially increased LUE of understory plant species in coast redwood 
forests, especially in wetter sites where plants could maintain stomatal 
conductance in low light conditions. Berry and Goldsmith (2020) show 
that the LUE of tropical cloud forest species vary considerably under di-
rect and diffuse light conditions, and that a species response to light is 
mediated by leaf wetness.
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Figure 5. Field-scale (0.5–3 ha) daytime (a) water-use efficiency and (b) light-use efficiency of a strawberry field between foggy (gray) and non-foggy (orange) 
conditions over the growing season. Each data point represents a 30-min average between June and September 2016 from the eddy covariance tower located at 
our field site (n = 697, foggy; n = 504, non-foggy).

Figure 6. Field-scale (0.5–3 ha) GPP as a function of both PAR and 
the diffuse fraction of PAR (ϕ). White spaces to the lower left and upper 
right indicate where conditions do not exist, that is, extremely high 
PAR and highly diffuse PAR, or very low PAR and very low ϕ. PAR, 
photosynthetically active radiation; GPP, gross primary productivity.
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4.2. Identifying the Presence of Coastal Fog Using Downwelling Longwave Radiation and 
GOES-Derived Total Albedo

Our results support our first hypothesis that L↓ can be used to detect low clouds associated with coastal fog 
events, even when there is no fog-drip. The difference in L↓ values between foggy and clear-sky conditions 
(Figure 2) makes sense from a theoretical point of view. In the presence of fog, assuming an emissivity of 
0.99 (Chylek & Ramaswamy, 1982) and cloud base temperatures close to air temperatures (∼10°–15°C), 
downwelling longwave radiation would likely range from 360 to 385 W m−2. Approximating a clear sky 
emissivity of 0.81 (Staley & Jurica, 1972), and assuming a vapor pressure of 10 hPa, L↓ should be approx-
imately 305–340  W  m−2. The distributions in Figure  3 are quite consistent with these values. Oliphant 
et al. (2021) found similar summertime distributions of L↓ for other coastal California sites, with consistent 
differences between foggy and clear sky conditions among sites.

We determined that there is a strong and positive agreement between L↓ and satellite-derived indices of 
CLCF, thus supporting our second hypothesis. The novel statistical relationship that we develop between 
L↓ and GOES albedo validates the use of this satellite-derived proxy for coastal fog as a tool for investigating 
the ecological significance of coastal fog events, which has application in agroecosystems. We found that 
coastal fog events detected based on a threshold of L↓ (for fog, L↓ > 350 W m−2) influenced light conditions 
and micrometeorology in ways that significantly increased water-use and light-use efficiency of strawberry 
crops. In a coastal forest, Fischer et al. (2009) developed relationships between MODIS imagery and ground 
observations of shortwave radiation to show that drought stress was reduced by 20%–40%  during fog events. 
From a methodological perspective, we demonstrate the significance of a satellite-derived index for de-
tection of coastal fog that improves understanding of how low clouds affect the carbon, water, and energy 
balance of an agroecosystem.
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Figure 7. Canopy-scale (0.6 m2) carbon and water vapor fluxes measured during foggy (n = 81) and non-foggy (n = 63) 
conditions: (a) Net canopy exchange (NCE), (b) canopy transpiration, (c) water-use efficiency (NCE Transpiration−1) 
and (d) light-use efficiency (NCE PAR−1). Asterisks indicate significant differences between foggy and non-foggy 
conditions (α = 0.05; *P < 0.05, ***P < 0.001). On the left side of each box plot, the thick horizontal line is the median, 
the edges of the box are the 25th and 75th percentiles, the whiskers are the minimum and maximum of the data, and 
the points outside the whiskers are the outliers. On the right side of each box plot, points show the distribution of the 
data. PAR, photosynthetically active radiation; NCE, Net canopy exchange.
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4.3. Future of Fog and Implications for Coastal California Agriculture

California is at high risk of experiencing greater water scarcity with future droughts linked to anthropogen-
ic warming (Diffenbaugh et al., 2015; Williams, Seager, et al., 2015), which increases farmers’ vulnerability 
to water scarcity (Cheng et al., 2016; Fisher et al., 2017). In coastal California, extreme drought can be par-
tially buffered by coastal fog events (Carbone et al., 2013; Fischer et al., 2009). As shown in this study and 
previous work (Baguskas et al., 2018), crops demand less water and water-use efficiency increases during 
fog events; therefore, if irrigation application is reduced on foggy days, farmers may benefit from water 
savings that will also help sustain agriculture in a drought-prone state. Yet, complex interactions between 
fog-forming processes in the atmosphere, ocean, and on land make forecasting changes in the coastal fog 
regime challenging and subject to a high degree of uncertainty (O’Brien et al., 2013; Torregrosa et al., 2014). 
That said, the number of coastal fog hours have declined in California since the early twentieth century 
(Johnstone & Dawson,  2010). While the future of coastal fog is uncertain, modifying current irrigation 
practices to include the effects of coastal fog on crop water demand will better position farmers to adapt to 
a potential decline of coastal fog events in the future.

5. Conclusions
In this study, we show that crop water loss is reduced and carbon gain is unchanged during summer fog 
events in a California agricultural system. The significant increase in crop water-use efficiency during fog 
events suggest that there could be water and economic savings for farmers in coastal California by modi-
fying irrigation plans. The significant increase of light-use efficiency by strawberry crops during fog events 
has implications for the carbon budget of coastal agriculture. Our analyses indicate that the diffuse fraction 
of PAR during fog events amplifies the rate of whole-plant photosynthesis. Our findings are consistent with 
numerous studies that show a positive effect of diffuse light on ecosystem primary productivity from a vari-
ety of ecosystem types and at global to local scales (Gu et al., 2003).

It is a conundrum of fog research to infer surface processes using remote sensing techniques because the 
surface is not visible from space during fog events. Combining GOES satellite imagery and L↓ observations, 
we made progress in resolving this issue. Specifically, the strong agreement between GOES total albedo and 
meteorological observations, namely L↓ and diffuse PAR, that we observed increases the predictive power of 
satellite-derived coastal fog indices to estimate surface-atmosphere exchange of carbon, water, and energy 
in agricultural (and other) ecosystems during fog events.

Data Availability Statement
The data are available through Dryad Digital Repository in association with Baguskas et al. (2021). https://
datadryad.org/stash/share/WKaDGB5RT-7xAjxOyjp6Zg6UfDJ7G84OWZYKn680hxo.
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