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Abstract
Changes in marine fog in a warmer climate are investigated through simulations using the
atmospheric component of a global climate model, with both observed and perturbed sea
surface temperature forcing. Global changes in marine fog occurrence in different seasons are
compared. We show that the changes in marine fog occurrence correspond well to changes in
horizontal temperature advection near the surface in a warmer climate. Therefore, the changes
in marine fog can be well explained by large-scale circulation changes. Regarding changes in
the characteristics of marine fog, we show that the in-cloud liquid water content of marine
fog is consistently increased in a warmer climate, for a given horizontal surface temperature
advection. It is also confirmed that the contribution of changes in marine fog to cloud feedback
is not negligible, but is small.
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1. Introduction

Marine fog (Koračin et al., 2014), especially over the
mid-latitude ocean, is an important target in climate
simulation because it affects maritime traffic and
because sky-obscuring marine fog is an important
contributor to the Earth’s radiation budget due to its
widespread coverage. The purpose of this study is to
reveal global-scale changes in marine fog in a warmer
climate.

Many studies have investigated the global distribu-
tion of marine fog and the basic meteorological fac-
tors that primarily determine its distribution. Klein
and Hartmann (1993) reported a global distribution of
sky-obscuring marine fog obtained by shipboard obser-
vations (Warren et al., 1988), and noted the importance
of surface warm air advection in determining the dis-
tribution. Several studies followed, including Norris
(1998a, 1998b) and Norris and Klein (2000), who com-
pared and analyzed the meteorological fields related to
fog and other cloud regimes, and Koshiro and Shiotani
(2014) proposed a stability index related to fog distri-
bution. In addition, Kawai et al. (2015) showed that the
occurrence of clouds below 240 m globally, estimated
from satellite lidar, has a high correlation with the tem-
perature difference between a height of 2 m and the
sea surface, which is controlled primarily by warm air
advection.

Recently, changes in low cloud in a warmer climate
and low cloud feedback have been studied extensively,
especially with respect to tropical and subtropical low
cloud (e.g., Kawai, 2012; Blossey et al., 2013; Brient
and Bony, 2013; Webb and Lock, 2013; Zhang et al.,
2013; Bretherton and Blossey, 2014). However, there
have been few studies related to changes and cloud

feedback in mid-latitude low cloud, and even fewer such
studies of mid-latitude marine fog.

The objective of our study is to discuss the change
in marine fog in a warmer climate. In order to simplify
the discussion of the mechanism and isolate the cloud
feedback of marine fog, we use simulation data from
AMIP [atmospheric models, forced by observed sea
surface temperature (SST)] and AMIP with increased
SST experiments. We comprehensively discuss changes
in marine fog in a warmer climate, changes in meteoro-
logical fields that cause the marine fog changes, changes
in the characteristics of marine fog, and the impact of
changes in marine fog on cloud feedback.

2. Data

2.1. Model data

Under the fifth phase of the Climate Model Inter-
comparison Project (CMIP5) (Taylor et al., 2012) and
the Cloud Feedback Model Intercomparison Project
Phase-2 (CFMIP2) (Bony et al., 2011), we performed
simulations of type AMIP (labeled as amip), and AMIP
with SST increased by 4 K with uniform perturbations
(amip4K) and with a composite pattern obtained from
CMIP3 models (amipFuture). The model runs are 31
years in length (1979–2009). These AMIP series simu-
lations are often used for studies related to cloud feed-
back; e.g., Webb and Lock (2013) and Webb et al.
(2014).

We ran these simulations using MRI-CGCM3 (Yuki-
moto et al., 2011, 2012), which has 48 vertical levels in
total, and 5 levels below 910 hPa with a lowest layer of
thickness 10 hPa. The model level data are used, and
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both monthly and daily average data are used in the
analysis. In addition, CMIP5 multi-model data for sea
level pressure (SLP) are used (the models used are listed
in Table S1, Supporting information) to examine the
robustness of circulation changes in MRI-CGCM3.

2.2. Observation data

Shipboard observation data for 1954–2008 from the
Extended Edited Cloud Report Archive (EECRA)
(Hahn and Warren, 2009) are used to examine the rep-
resentation of marine fog in the model simulation. In
addition, we used fog or near-surface cloud frequency
data, obtained from C2 data of the Kyushu University
(KU) cloud mask product (Hagihara et al., 2010),
retrieved from Cloud–Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) (Winker
et al., 2009) data for 2007–2009.

3. Basic features of model marine fog

3.1. Marine fog in the model and observations

First, to examine the representation of marine fog in
the model, the simulation data are compared with the
shipboard and satellite observations (see Kawai et al.
(2015) for details). Regarding the satellite cloud mask
data, fog is defined as cloud at heights lower than
240 m, and the fog-occurrence frequency derived from
the cloud mask data is a lower limit of the estimate,
because CALIPSO cannot observe clouds that occur
below thick cloud (Kawai et al., 2015). Teixeira (1999)
calculated fog occurrence in a model as the occurrence
of cloud water content greater than 0.016 g kg−1 at the
lowest model level. However, in this study we simply
define fog frequency as the cloud fraction at the lowest
model level because in-cloud liquid water content
(LWC) typically exceeds 0.1 g kg−1 (shown later in
Figure 5), which is much larger than the threshold
of 0.016 g kg−1, and it is confirmed in a preliminary
comparison that fog frequency calculated from cloud
fraction and the method using a cloud water content
threshold gives similar results. In addition, the cloud
fraction output calculated in the model is temporally
averaged for each model timestep. Therefore, the data
provide an appropriate climatology of fog occurrence
even if the diurnal variation is large.

Figure 1 shows that these three climatologies of
fog-occurrence frequency (MRI-CGCM3 simulation,
shipboard and satellite observations), which are totally
independent, are consistent. In July, marine fog is fre-
quent around Kamchatka Peninsula, near Newfound-
land, north of Iceland, and in the Arctic Ocean north
of Eurasia, in all three climatologies. Although the
numbers of shipboard observations are insufficient over
the Southern Ocean, fog frequencies in model data
and satellite observations are similar in this region. In
January, the common fog areas are the Northeastern
Pacific and the Southern Ocean in all three climatolo-
gies, and both the model simulation and the satellite

data show fog occurrence over the Arctic Ocean. Spa-
tial anomaly correlation and root mean square error
against shipboard climatology were calculated monthly
for 10 CMIP5 multi-model data. It turned out that
MRI-CGCM3 has the highest annual mean score of spa-
tial anomaly correlation (0.70) and the third least root
mean square error. In addition, about half of models
failed to capture the observed fog distribution except
for boreal summer. Based on the comparison and the
scores, we conclude that MRI-CGCM3 represents fog
relatively well and that the model data are suitable for
use in studies of the future changes, at least in a quali-
tative sense.

3.2. Vertical cloud structures in the model

Figure 2 shows composites of the vertical structures
of clouds and relative humidity in the model over
the North Pacific in July based on daily data for
southerly (V> 2 m s−1) and northerly (V<−2 m s−1)
surface wind. When the surface wind is southerly
(Figure 2(a) and (c)), the contours of potential temper-
ature are tilted near the surface, which denotes a sta-
ble boundary layer, relative humidity is high, and the
clouds touch the sea surface around 40∘–50∘N. This
clearly shows that the model represents warm air advec-
tion fog, where warm surface air is cooled by cold SST
and the water vapor is condensed, as the mechanism is
discussed by many studies (e.g., Klein and Hartmann,
1993). On the other hand, when the surface wind is
northerly (Figure 2(b) and (d)), the contours of poten-
tial temperature are upright near the surface, which
denotes a well-mixed boundary layer, relative humid-
ity is lower, and the clouds do not touch the sea surface
around 40∘–50∘N. This means that fog rarely appears
when the wind is northerly in the model and floating
low clouds instead tend to appear. These features are
consistent with shipboard cross-section observations in
the North Pacific, including those reported by Tanimoto
et al. (2009).

4. Results

4.1. Changes in marine fog

In July, the occurrence of marine fog (cloud fraction
at the lowest model level) is reduced in the amip4K
simulation in the central North Pacific and the western
North Atlantic near Newfoundland (Figure 3(c)). The
maximum reduction reaches 6%. On the other hand, the
occurrence of marine fog is increased by up to 3% in
the eastern North Pacific (south of Alaska). In January,
a dipole feature is found in the eastern North Pacific,
which corresponds to an area of frequent fog occur-
rence: fog decreases in the western part by up to 6%
and increases in the eastern part of this area by up to
3% (Figure 3(d)). Similar results are seen in the dif-
ference between amipFuture and amip (Figure 3(e,f)).
Thus, these changes are robust for a warmer climate
regardless of the pattern of SST increase.
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Figure 1. (a,b) Cloud fraction at the lowest model level in the MRI-CGCM3 simulation (1979–2009). (c,d) Shipboard fog
observational climatology (1954–2008) on a 5∘ × 5∘ grid, where grid points are shaded gray if the sample number is <100. (e,f)
Occurrence frequency of fog (2007–2009) derived using the KU cloud mask (0–240 m bin). Units are %; data are shown for July
(left panels) and January (right panels).

4.2. Changes in meteorological fields

To understand changes in marine fog occurrence,
changes in meteorological fields are examined.
Changes in SLP are shown in Figure 4(c) and (d).
In July, subtropical high-pressure systems occur in
the North Pacific and the North Atlantic (Figure 4(a)),
and western parts of these high-pressure systems cor-
respond to areas of frequent fog occurrence, where
southerly winds are dominant. In a warmer climate, the
high-pressure system in the North Pacific is weakened
between 180∘ and 150∘W, which corresponds to weak-
ened southerly winds in the central North Pacific and
strengthened southerlies in the eastern North Pacific.

Therefore, surface temperature advection, which is cal-
culated from 10 m wind and SST (Klein et al., 1995), is
decreased in the central North Pacific and increased in
the eastern North Pacific (Figure 4(e)). This pattern is
consistent with the reduction in marine fog in the cen-
tral North Pacific and the increase in the eastern North
Pacific. Note that locations with maximum changes
in fog occurrence correspond to the poleward side of
locations with large changes in surface temperature
advection because climatological relative humidity
near surface is larger (closer to saturation) at higher
latitude (see Figure 2(c,d)) and fog occurrence is more
sensitive to warm air advection there. The low-pressure
area over the North American continent is weakened
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Figure 2. Vertical structure of clouds (a,b) and relative humidity (c,d) in MRI-CGCM3. Composites of daily data where the surface
wind is (a,c) southerly (V> 2 m s−1) and (b,d) northerly (V<−2 m s−1) are shown. The data are averaged between 170∘E and
170∘W for July (1979–2009). Shading shows cloud fraction (%), contours show potential temperature (K), horizontal arrows show
meridional wind (m s−1), and vertical arrows show vertical wind (−hPa h−1). Vertical axis is pressure (hPa).

in a warmer climate, which corresponds to reductions
in southerly wind strength and temperature advection
near Newfoundland. This is also consistent with a
local reduction in marine fog. In January, the area of
frequent fog occurrence corresponds to the eastern part
of the Aleutian low-pressure system (Figure 4(b)). In a
warmer climate, a negative SLP anomaly occurs off the
west coast of the United States, which corresponds to
a decrease (increase) in southerly wind on the western
(eastern) side of the anomaly. This pattern explains
the dipole pattern in marine fog changes in the eastern
North Pacific in January. In the Southern Ocean, marine
fog occurrence is reduced along 40∘S and increased
along 60∘S, and this can be attributed to decreases and
increases in temperature advection along 40∘ and 60∘S,
respectively (Figure S1). In January, the changes in
marine fog occurrence over the Southern Ocean have
a more zonally uniform structure than in July, and this
is consistent with more zonally uniform changes in the
SLP pattern during this month.

To confirm the robustness of the changes in SLP,
CMIP5 multi-model data are compared (Figure S2).
The analysis confirms all the characteristics of changes
in SLP mentioned above, including a weakened
high-pressure system in the central North Pacific and a
weakened low-pressure area over the North American

continent in July, a negative anomaly off the west
coast of the United States in January, and more zonally
uniform changes in SLP over the Southern Ocean in
January than in July. In addition, these changes are
quite similar in the amip4K and amipFuture simula-
tions. Therefore, we can conclude that these changes
are robust and deserving of analysis and discussion.
The weakening of the high-pressure system in the cen-
tral North Pacific and weakening of the low-pressure
area over the North American continent in July could
be explained by weakened monsoon circulations in a
warmer climate (e.g., Tanaka et al., 2005; Kitoh et al.,
2013), which would weaken SLP contrasts between
land and ocean. The increase in SLP around 45∘S can
be attributed to a poleward shift of the jet in a warmer
climate (e.g., Medeiros et al., 2015). The similarity
of the patterns of SLP changes in the amip4K and
amipFuture simulations suggests that the main factor
for the SLP changes is stabilization of troposphere
because of SST increase and consequent weakening
of major overturning circulations, including Hadley,
Walker and monsoon circulations.

Sugimoto et al. (2013) discussed trends in fog fre-
quency in recent decades observed in coastal land areas
adjacent to the North Pacific, into which advection fog
frequently flows. They found that decreases in fog in
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Figure 3. (a,b) Climatology of marine fog (cloud fraction at the lowest model level) in MRI-CGCM3, and the change from (c,d)
amip to amip4K, and (e,f) amip to amipFuture. Units are %; data are shown for July (left panels) and January (right panels).
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Figure 4. (a,b) Climatology of sea level pressure (hPa) and 10 m wind (m s−1) in MRI-CGCM3, and (c,d) the change from amip to
amip4K. (e,f) Change in surface temperature advection (K day−1) from amip to amip4K. Data are shown for July (left panels) and
January (right panels).

recent decades correspond to reductions in warm air
advection. It is shown in this study that changes in
marine fog correspond well to changes in horizontal
temperature advection near the surface in a warmer
climate. This suggests that the changes in marine
fog can be well explained by large-scale circulation

changes. There are numerous studies related to Cali-
fornian coastal fog in summer, and for instance, John-
stone and Dawson (2010) showed relationships among
the fog frequency, SLP, meridional wind, and SST, on
both interannual and interdecadal timescales. However,
note that there is a difference in the mechanisms of fog
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Figure 5. Relationships between meridional surface wind and (a) cloud fraction and (b) in-cloud liquid water content, at the lowest
model level. (c) Meridional surface wind frequency histogram. Daily data of every single grid is binned into meridional surface wind
bins of 1 m s−1 interval, and averaged over the North Pacific (160∘E− 160∘W, 40− 50∘N), for July (1979–2009). Blue and red
dots/bars show amip and amip4K data, respectively.

occurrence between Californian coastal fog, which is
significantly affected by the coastal topography includ-
ing ocean upwelling and offshore air flow, and advec-
tion marine fog, which occurs over broad areas in
mid-latitude global oceans.

4.3. Relationship between surface wind and fog

Figure 5(a) shows the relationship between merid-
ional surface wind and cloud fraction at the lowest
model level (i.e., fog frequency) over the North Pacific
(160∘E− 160∘W, 40− 50∘N), using daily data for July
(1979–2009). It is clear that cloud fraction increases as
the southerly wind increases, and the slope of the rela-
tionship is 2.7%/(m s−1) for the wind speed 0–10 m s−1.
This slope can quantitatively explain that the peak val-
ues of positive and negative changes in fog frequency
in the North Pacific are +3 and −6% (Figure 3(c)) and
the corresponding changes in meridional wind are +1
and −2 m s−1, respectively (Figure 4(c)). Figure 5(b)
shows a similar relationship between meridional wind
and in-cloud LWC, which is LWC in a grid divided
by the cloud fraction, at the lowest model level. It is
also clear that in-cloud LWC increases as the southerly
wind increases. In a warmer climate, in-cloud LWC
is increased for a given meridional wind. This means
that the optical thickness of fog could increase for a
given meridional wind in a warmer climate, unless the
cloud droplet number concentration decreases substan-
tially. The increase in in-cloud LWC can be explained
by air masses that have larger specific humidity in a
warmer climate, and can therefore condense out more
water vapor for a given rate of temperature advection,
as approximately corresponds to a given meridional
wind. Similar characteristics are found over the South-
ern Ocean (0∘− 360∘E, 45∘− 60∘S), although the wind
is in the opposite direction (Figure S3).

4.4. Impact of changes in marine fog on cloud
feedback

The contribution of changes in marine fog to cloud
feedback in the model is now briefly examined. The
approximate cloud radiative effect (W m−2) of clouds

between the surface z0 and height z for upward short-
wave radiation, CRE_SW↑(z− z0), is estimated as fol-
lows:

CRE_SW↑
(
z–z0

)

≈ (SW↑(all sky, z) −SW↑(clear sky, z))
−

(
SW↑

(
all sky, z0

)
−SW↑

(
clear sky, z0

))
,

where SW↑ denotes the upward shortwave radiative flux
(the sign is positive for downward). The contribution
of clouds between z0 and z to shortwave cloud feed-
back can be roughly estimated from the difference in
CRE_SW↑(z – z0) between the amip4K and amip sim-
ulations. Changes in CRE_SW↑(z− z0) due to clouds
between the surface and 960, 900 and 700 hPa are exam-
ined. For example, it is clear from Figure S4 that the
geographical pattern of change in CRE_SW↑(z – z0)
between the surface and 960 hPa essentially corre-
sponds to the change in marine fog occurrence shown in
Figure 3 for July. Changes in CRE_SW↑(z – z0) are pos-
itive in areas with reduced fog, such as the central North
Pacific and the western North Atlantic, and changes are
negative in areas with increased fog, such as the east-
ern North Pacific. However, these geographical patterns
become less clear for changes in CRE_SW↑(z – z0)
between the surface and 900 hPa, and changes between
the surface and 700 hPa show quite different geographi-
cal patterns and much larger amplitudes compared with
the case between the surface and 960 hPa. This means
that the impact of changes in marine fog on cloud feed-
back is not negligible, but is small, and that the con-
tribution of low clouds, in an atmospheric layer higher
than fog, dominates for low-cloud feedback.

5. Summary

Changes in marine fog over the global mid-latitude
ocean in a warmer climate, which have received rela-
tively little attention to date, were investigated in this
study, using AMIP and AMIP with increased SST
experiments. It was confirmed that simulated global

© 2016 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. 17: 548–555 (2016)
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marine fog occurrence is represented relatively well in
MRI-CGCM3, by comparison with two independent
global observation datasets. The vertical structures of
marine fog represented in the model were briefly dis-
cussed by showing composite cases corresponding to
southerly and northerly winds.

Simulated global changes in marine fog occurrence
in different seasons were compared, and changes in
SLP were also examined. An important conclusion of
this study is that the changes in marine fog correspond
well to changes in horizontal temperature advection
near the surface in a warmer climate in the simulations.
The results suggest that large-scale changes in marine
fog can be well explained by large-scale circulation
changes.

Regarding changes in characteristics of marine fog, it
was shown that in-cloud LWC of marine fog is consis-
tently increased in a warmer climate for a given merid-
ional wind; i.e., for a given horizontal surface temper-
ature advection. In addition, it was confirmed that the
contribution of the changes in marine fog to cloud feed-
backs is not negligible, but is small.

Robust, general characteristics of the changes in
marine fog are discussed in this study. However, it is
possible that the vertical resolution of climate models is
not high enough to capture more detailed characteristics
of changes in marine fog in a warmer climate (the lowest
model layer is about 85 m in MRI-CGCM3). Therefore,
simulations using models with higher vertical resolu-
tion would be desirable to reveal more detailed changes
in marine fog, in a future study. In addition, represen-
tations of fog distribution of CMIP5 multi-model data
will be examined and the changes in a warmer climate
will be studied in detail in future research.
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