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Abstract The Central Valley of California is home to a variety of fruit and nut trees. These trees account
for 95% of the U.S. production, but they need a sufficient amount of winter chill to achieve rest and
quiescence for the next season’s buds and flowers. In prior work, we reported that the accumulation of
winter chill is declining in the Central Valley. We hypothesize that a reduction in winter fog is cooccurring
and is contributing to the reduction in winter chill. We examined a 33 year record of satellite remote
sensing to develop a fog climatology for the Central Valley. We find that the number of winter fog events,
integrated spatially, decreased 46%, on average, over 32 winters, with much year to year variability. Less
fog means warmer air and an increase in the energy balance on buds, which amplifies their warming,
reducing their chill accumulation more.

1. Introduction

To achieve high yields, fruit trees in California’s Central Valley must experience a sufficient amount of
winter chill to achieve cold acclimation and sufficient rest and quiescence to develop buds, flowers, and
fruit [Campoy et al., 2011; Luedeling, 2012]. Recent analyses of trends in climate data by us [Baldocchi and
Wong, 2008] and Eike Luedeling and coworkers [Luedeling et al., 2009, 2011] show that the accumulation
of winter chill (defined broadly as the number of hours between 0 and 7°C during the winter dormant
period) has decreased by several hundred hours since the 1950s in the Central Valley of California. And
climate forecasts indicate that the accumulation of winter chill is expected to decrease further with
global warming.

Sustained periods of air temperatures below 7°C are maintained in the Central Valley of California during the
winter by prolonged periods of radiative fog, also known as “tule fog” [Chandler and Brown, 1951; Holets and
Swanson, 1981; Suckling and Mitchell, 1988; Underwood et al., 2004]. So if the occurrence of winter fog is
decreasing, with global warming, it may contribute to the trend in reduced winter chill accumulation. Until
now, no one has conducted a long-term climatological analysis on trends in the occurrence of winter fog
across the fruit and nut growing region of the Central Valley in California. Here we analyze 33 years of
reflectance data from sensors on two satellites and show that the occurrence and the spatial extent of winter tule
fog are decreasing across the Central Valley. We find that this trend is serving as a mechanism for amplifying the
downward trend in accumulated winter chill experienced by tree buds by warming the air and increasing the
solar load on buds.

To determine if there are trends in the highly variable number of winter, tule fog events in the Central Valley
of California, it is preferable to work with long data sets that represent broad areas. Unfortunately, there
is no perfect and representative measure of winter fog in the Central Valley. Visibility is the simplest
measure of fog, and possesses the longest record. But few sites have observed fog directly and for a long
time in the Central Valley. Second, the spatial footprint of visual fog observations is small (< 0.25 km2),
relative to the scale of the valley (58,000 km2). And third, long-term trends in the visibility observations
are of questionable quality because they are confined to airports; there, they have the potential to be
biased due to urban heat island effects [Suckling and Mitchell, 1988] and changes in air pollution
[Trijonis, 1982].

Remotely sensed data on fog, derived from reflectance measurements on satellites, have several advantages
for studying fog climatology compared with the use of visibility and weather data [Arking and Childs, 1985;
Bendix et al., 2005; Suckling and Mitchell, 1988]. First, remote sensing data provides a direct observation of
radiation fog in the Central Valley, as it is constrained geographically by surrounding hills and mountains.
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Second, remote sensing data
produces a metric with a wide
spatial distribution of the
presence or absence of fog. And
third, the detection of trends in
fog with remote sensing
circumvents observational bias
errors associated with limited
visibility and urban heat island
effects. On the other hand,
remotely sensed detection of fog
can be obscured by clouds and
sensors on satellites may view a
point of land only once or twice a
day [Bendix et al., 2005].

Faced with these methodological
pros and cons, we adopted a
hybrid approach—using data
from satellite remote sensing
and weather stations—to
examine occurrences, weather
conditions, spatial extent, and
long-term trends in tule fog.
Specifically, we developed a fog
climatology database by
examining reflectances measured
by the Moderate Resolution
Imaging Spectroradiometer

(MODIS) (2000–2014) and advanced very high resolution radiometer (AVHRR) (1981–1999) sensors that are
mounted on satellites orbiting the planet.

2. Materials and Methods

We based our analysis on detecting trends in fog by constructing the longest time series of satellite remote
sensing that was possible, 32winters. To produce the highest quality remote sensing time series, of this duration,
we stitched together reflectance measurements from the advanced very high resolution radiometer (AVHRR)
and the Moderate Resolution Imaging Spectrometer (MODIS). The time series evaluated in this paper used
AVHRR data, obtained between 1981 and 1999, and MODIS data between 2000 and 2014.

Because the overpass time of the AVHRR products drifts with time, it was better to switch to MODIS when it
became available, than rely on AVHRR for the entire time series. Weminimized biases, which may occur when
stitching two time series together, by extracting the AVHRR time series from NASA’s Land Long Term Data
Record (LTDR, http://ltdr.nascom.nasa.gov/cgi-bin/ltdr/ltdrPage.cgi). The LTDR project produces consistent
AVHRR products that can be merged with subsequent MODIS time series using the best data production and
correction processes available [Pedelty et al., 2007]; see supporting information for more information.

We detected fog by evaluating each daily AVHRR or MODIS image over California, during the November
through February fog season and classifying if the state was either clear or cloudy. To detect clouds, we
used a set of rules based on the reflectances measured in the visible, near-infrared, and thermal bands of
the satellite sensors; we describe the set of rules used to detect clouds in greater detail in the supporting
information. Daily cloud cover maps were then assessed with a spatial model to determine whether the
clouds in the Central Valley should be considered tule fog; we assumed that tule fog would be confined
within the well-defined, geographical domain of the Central Valley, while clouds per se would cover land
inside and outside the Valley. Fog was detected by comparing the cloud classification at a set of sites
distributed throughout the Central Valley against a similar sized set of pixels at sites ringing the valley in the

Figure 1. Radiation (tule) fog filling the Central Valley of California on 2 December
2008 Blue squares and ellipses are the pixels from inside the Central Valley that
were evaluated in the AVHRR and MODIS products, respectively,. Red squares and
pink ellipse are pixels outside the valley that serve as reference points to the
AVHRR and MODIS products, respectively. Together, the squares and ellipses
are used to determine if the scene is representative of a Tule fog day for AVHRR
and MODIS, respectively. The black polygon outlines the climatological extent
of typical fog episodes in the Central Valley, as detected by AVHRR.
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coast ranges and Sierra Nevada (see Figure 1); the set size equaled 24 for the finer-scaled MODIS images
and the set size equaled 16 for the coarser-resolution AVHRR images. A day was considered to be a “fog
day” if the number of sites that were cloudy inside the Central Valley exceeded the number of sites
outside the Central Valley that were cloudy. All cloud cover on a fog day was considered fog. The
resulting daily tule fog images were then tallied over space and time to generate monthly and seasonally
averaged products describing the fraction of time a pixel was covered by fog. Additional details on
the data we used and how it was processed are reported in supporting information.

To evaluate climate conditions during fog conditions, we rely on information derived from a regional network
automated weather states; the
California Irrigation Management and
Information System (CIMIS) network
produces a rich data set of
meteorological variables—solar
radiation, temperature, humidity,
wind, and rainfall—on hourly bases
[Hart et al., 2009]. We selected a set of
stations whose records were longest,
going back to 1982, and who were
distributed throughout the Valley;
details are in supporting information.

3. Results

Figure 2 shows the map of mean
fog fraction, averaged over the
collection of AVHRR and MODIS

Figure 2. Average fraction of fog during the autumn and winter fog season (first of November through end of February)
across the Central Valley of California: (a) data were extracted over the period 1981–1999, as observed with the AVHRR sensor;
(b) data were extracted over the period 2001–2012, as observed with the MODIS sensor. The scale bar represents the fraction of
time each pixel was enshrouded in fog.

Figure 3. Trends in the spatial-temporal fraction of fog observed in the Central
Valley with the AVHRR sensor (1982–1999) and the MODIS sensor (2000–2014).
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images; this fog fraction refers to
the fraction of days during the
125day long fog season—
between the first of November
and the end of February—that
each pixel was enshrouded in fog.
On average the greatest fraction of
fog was concentrated in the San
Joaquin Valley, the lower half of
the Central Valley. There, the
region was foggy up to 35% of the
time during the November
through February fog season. We
also observed that fog episodes
showed large spatial coherence, as
the fog fraction values ranged
between 0.2 and 0.35 from the
north to southern ends of the
Central Valley, considering each
pixel has an area of about 25 km2.
Furthermore, there were no areas
in the Central Valley with no fog
during the winter, except for the
Sutter Buttes, in the Sacramento
Valley; their elevation (600m)
places them above the fog layer
and its separate detection
provides another measure of
validation for our method. It is
also noteworthy that the fraction
of fog near Sacramento agrees
well with the long-term average
(24%), derived from the NOAA
weather station.

Combining the time series from the MODIS and AVHRR sensors, and integrating spatially, we detected a
downward trend in the spatial-temporal fog fraction between 1981 and 2014 (Figure 3). The slope of the
linear regression through the time series was equal to �0.004406. The value of this slope was significantly
different from zero, within the 95% confidence interval, given that the P value was 0.0009. Over the 32
winter, time span, mean fog fraction decreased from 0.303 to 0.163; this constitutes a 46% reduction in fog
fraction. We also applied the Mann-Kendall statistic to the regression, and it revealed that this trend was
significantly different from the alternate hypothesis that the slope of the trend was zero, with a P value of
0.00091. Also noteworthy is the huge year-to-year variation in the spatial-temporal fog fraction, and its
cyclic nature. On the foggiest years (e.g., 1994), the fog fraction exceeded 0.4. In comparison, the winters
with least fog occurred the last three fog years. Then, fog occurred less than 12% of the time.

For validation, we compared the satellite-derived measure of fog with ground observations of visibility at the
Fresno and Bakersfield Airports, located in the San Joaquin Valley. On average, 30.4 ± 9.48 fog days were
observed each winter (November through February) at Fresno and our satellite-derived measure reported
30.6 ± 9.58 days of fog during the same interval (Figure 4a);these two means were not significantly different
from one another at the 95% confidence interval, as determined by a paired t test. At Bakersfield, the
comparison between ground and satellite observations of fog was less successful. There, 19.7 ± 8.49 fog days
per winter were observed on the ground and 29.2 ± 10.5 fog days per winter were detected by satellite.
Despite the bias, the detected trends of the ground-based and satellite observations were parallel with
one another.

Figure 4. Validation of the satellite-derived measures of fog with ground obser-
vations from the (a) Fresno and (b) Bakersfield Airports.
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4. Discussion

Fog formation is highly variable on a year-to-year basis because ofmany complex and conditionalmeteorological
factors. The optimalmeteorology for fog formation occurs duringwinters with periodic storms followed by long
periods of high pressure across California. Then, there is ample humidity in the boundary layer, from
evaporating soil moisture, to condense and form radiative fog during the cold, clear nights that follow the rain
storms. Years with drought tend to be associated with a lowest number of fog days, because there is not
enough evaporating soil moisture to form fog, like the winters 1990–1991 and 2012–2013. And the wettest
years, which experience frequent storms, can yield an intermediate number of foggy days, as there are fewer
cold, clear nights when radiative fog can occur, but ample humidity when they do occur.

In principle, warmer winters have the potential to reduce fog by decreasing the probability that relative
humidity will exceed a critical threshold for fog formation. While we observed a reduction in fog since 1980, we
cannot claim this was solely due to climate warming. Inspection of the ground-based fog records at Fresno and
Bakersfield show that fog frequency increased between the 1940s and 1970s, then a decreasing trend in fog
frequency started. In addition, it is well known that there are associations between air pollution and fog [Herckes
et al., 2007]. And pollution has increased and visibility has decreased with time in the Central Valley [Trijonis,
1982]. At this stage, the concurrent roles of changes in air pollution, agricultural burning and climate on this fog
time series remain unanswered and are topics for further research and modeling.

We admit that the methods used to detect fog occurrence, extent and trends have a number of strengths
and weaknesses, which can affect the interpretation and applicability of these results. Though we stitched
together remote sensing time series from two different sensors on different satellite platforms, we do
not expect a bias in our trends to emerge. We base this contention on the fact we were detecting fog by

Table 1. Meteorological Conditions During the Foggy and Clear Days at Selected CIMIS Stations Across the Central Valleya

ppt Rg Tave Tmax RH
mm d�1 MJm�2 d�1 °C °C Tmin °C Tdew

Foggy Daysb

Brentwood 0.10 3.77 7.38 10.27 4.34 92.30 6.23
Davis 0.30 4.18 6.42 9.78 3.53 91.77 5.13
Firebaugh 0.09 3.63 7.63 10.20 4.85 95.32 6.92
Five Points 0.54 3.44 5.39 8.97 4.05 93.27 4.39
Gerber 0.26 5.74 7.69 13.15 3.51 85.08 5.20
Kettleman City 0.27 4.67 8.21 11.22 5.37 86.86 6.06
Modesto 0.13 3.76 7.04 9.90 4.13 92.93 5.95
Parlier 0.14 3.78 7.71 10.57 5.30 93.25 6.67
Twitchell Island 0.19 3.45 4.75 7.68 2.15 94.55 3.92
Westlands 0.09 3.59 7.61 10.21 4.90 91.70 6.40

Average 0.21 4.00 6.98 10.19 4.21 91.70 5.69
SD 0.14 0.71 1.12 1.41 0.98 3.25 0.99

Clear Daysc

Brentwood 11.52 9.55 17.12 2.53 60.43 1.83
Davis 11.28 8.88 16.80 2.05 58.74 0.80
Firebaugh 11.22 8.65 17.37 0.89 63.37 1.90
Five Points 12.35 8.33 17.56 0.64 61.22 1.10
Gerber 10.75 9.08 17.97 1.93 59.04 1.23
Kettleman City 11.92 10.22 17.89 2.67 56.89 1.84
Modesto 11.26 7.47 16.89 �0.18 70.03 2.14
Parlier 11.53 8.51 17.62 1.33 71.03 3.45
Twitchell Island 11.77 8.74 17.07 1.26 66.90 2.59
Westlands 12.04 8.12 17.84 �0.36 59.89 0.77

mean 11.56 8.75 17.41 1.27 62.78 1.77
SD 0.47 0.76 0.43 1.05 4.91 0.83

aData are based on hourly measurements made at CIMIS stations spread up and down the Central Valley. Variables presented include average precipitation
(ppt), daily integrated solar radiation (Rg), daily averaged temperature (Tave), average maximum temperature (Tmax), average minimum temperature (Tmin),
relative humidity (RH), and dew point temperature (Tdew).bMeteorological conditions during fog periods, as detected by MODIS.

cMeteorological conditions during cloudless and fog-free periods, as detected by the MODIS sensor.
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comparing differences in reflectance of spatial scenes using a set of sites inside and outside the valley.
For example, clear days have relatively low reflectances in and outside the valley. Cloudy days have high
reflectances inside and outside the valley. And foggy days have relatively high reflectances in the valley
and relatively low reflectances outside the valley. On the other hand, bias errors can result from false
positives, detecting clouds as fog, or from false negatives, when a cloud layer may have covered ground
fog. Other complications in detecting fog occur on days when the northernmost Sacramento Valley is
cloudy and the southernmost San Joaquin Valley is in fog. Our rule for detecting fog would detect this
situation as a fog day, and would attribute fog to all locations in the Valley.

A reduction in the number of fog days will increase the amount of sunlight orchards will receive (11.65± 0.39
vs 4.00 ± 0.7MJm�2 d�1), increase the maximum air temperature during the day (17.36 ± 0.4 vs 10.19 ± 1.4 °C),
and will reduce the number of accumulated chill hours of buds by changing their energy balance (Table 1). For
orchards in the San Joaquin Valley, the observed reduction in fog frequency over thirty years could produce up
to 400 fewer winter chill hours per year in 2012 compared to 1982, if we apply the following metrics to the
following identity: the 1.74 °C difference in mean daily air temperature between foggy and clear days to 10
fewer fog-filled days times 24h per day. This 400 h calculation is in the ball park of the downward trend in
winter chill we have reported previously [Baldocchi and Wong, 2008].

Also notable is the effect of more sunlight on the temperature of buds and their actual chill accumulation. To
quantify this effect, we applied a leaf energy balance model [Baldocchi and Harley, 1995] to the conditions
associated with the presence and absence of fog. We found that bud temperatures can exceed air
temperature by 4°C on days on clear days when solar radiation flux density reaches 500Wm�2. In contrast,
bud temperatures are close to air temperature on the foggy days when solar radiation is about 100Wm�2.

Therefore, winters with less fog will yield fewer hours of winter chill. This effect can have detrimental effects on
yields of fruit and nut trees—crops that have multibillion dollar values to our economy [Darbyshire et al., 2011;
Luedeling et al., 2009]. Moreover, our data tell fruit and nut ranchers that they may need to cue more on the
natural year-to-year variability of fog presence and absence, in the near term, than the slowwarming trends that
are occurring and are being projected, when they project yields, plan orchard management activities, and make
decisions for planting new orchards. Ranchers must also be cognizant that the winter chill indices are based on
climate data at some distant weather station and may not represent the conditions experienced by the buds.
With more sunlight, the buds will be warmer than air temperature and will accumulate few chill hours.
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