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Abstract Seasonal variations of the upper ocean, such as mixed layer depth (MLD) and sea surface tem-
perature (SST), responding to the atmospheric forcing in the North Pacific (10°N-50°N), are investigated by
analyzing the Argo and NCEP/NCAR reanalysis 1 data. The OAFlux data are also used for comparison. During
the early heating period in the high-latitude ocean north of 30°N, where a seasonal thermocline is formed
above the deep mixed layer under strong surface heating, the MLD h is found to be scaled as h (Ll)”z,
where L is the Monin-Obukhov length scale and / is the Ekman length scale. On the other hand, in the low-
latitude ocean south of 30°N, where the preexisting MLD is shallow and surface heating is weak, h is found
to be scaled by . It is found that a large amount of heat flux across the MLD occurs, especially in the high-
latitude ocean during the late heating period, in which h is small. It suggests the contribution by turbulent
mixing across the MLD in addition to radiation penetration, and the eddy diffusivity in the high-latitude
ocean is estimated as K, ~ 10*—1073 m? s~ . The heat budget of the mixed layer reveals that the contri-
bution from the ocean heat transport is much smaller than the surface heat flux in the high-latitude ocean
except in the Kuroshio region, but it is sometimes comparable in the low-latitude ocean.

1. Introduction

Variation of the sea surface temperature (SST) in response to the atmospheric forcing plays a critical role in
the climate system, as it controls the exchange of heat and moisture between the atmosphere and the
ocean. The increase of SST under surface heating is determined by how much heat flux enters through the
sea surface, how deep the surface heat flux penetrates downward, and how much heat is transported hori-
zontally in the ocean. Meanwhile, how deep the surface flux penetrates downward is determined by the
mixed layer depth (MLD) and the heat flux across the MLD.

During winter, the MLD grows by convection, which entrains deeper water. On the other hand, during
summer, the balance between turbulent kinetic energy (TKE) generation by wind stress and its decay by sur-
face heating leads to the formation of a seasonal thermocline at shallower depths, and determines the MLD
in general.

Regarding the depth of a seasonal thermocline, Kraus and Turner [1967] suggested the Monin-Obukhov
length scale L (= u?/By), where By is the surface buoyancy flux and u. is the frictional velocity, and this scale
has been used in many previous studies to estimate the MLD, or h, during summer. Meanwhile, the scaling
of h by L was found to overestimate h in the midlatitudes [Alexander and Kim, 1976], and modifications
were suggested to rectify this problem by including the effect of the Coriolis force [Resnyanskiy, 1975; Els-
berry et al., 1976; Garwood, 1977; Wells, 1979; Gaspar, 1988]. Recently, Goh and Noh [2013] showed that the
depth of a seasonal thermocline is proportional to (Li)”2 using the large eddy simulation (LES), where 1 is
the Ekman length scale (= u, /f) and f is the Coriolis parameter. This scaling h (L/I)”2 was confirmed by
Yoshikawa [2015] who analyzed Argo data with decreasing MLD in late spring. He also suggested that h
tends to be scaled by 4, when 4 becomes smaller than L. The scaling based on (LA)”2 was also suggested
by Nieuwstadt [1984] and Zilitinkevich et al. [2007] to estimate the equilibrium depth of the stable boundary
layer in the atmosphere.

Many studies have reported the distribution of MLD in the global ocean with seasonal and interannual var-
iations based on various sources of observational data and model results [Kara et al., 2003; de Boyer
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Montégut et al., 2004; Carton et al.,, 2008; Noh and Lee, 2008; Ohno et al., 2009]. By and large, these studies
focused on the winter mixed layer, in which the variation of MLD is large. Only a few studies considered the
upper ocean response, such as MLD, to surface heating [Alexander and Kim, 1976; Schneider and Muller,
1990; Yu et al., 2006; Hao et al., 2012; Cronin et al., 2013; Hosoda et al., 2015].

The heat flux across the base of the ML is often neglected during the heating season [Yu et al., 2006], based
on the assumption used in bulk models that no entrainment occurs at the MLD, when equilibrium is
reached under surface heating [Kraus and Turner, 1967; Gaspar, 1988]. Meanwhile, a recent work reveals
that a large amount of heat flux across the base of the mixed layer (ML) occurs in the North Pacific Ocean
during summer [Qiu et al., 2006; Cronin et al.,, 2013; Hosoda et al., 2015]. Alexander et al. [2000] and Vivier
et al. [2002] also suggested that entrainment arising from day-to-day changes of MLD can contribute to the
heat flux across the monthly mean MLD.

How much heat is transported horizontally in the ocean is usually investigated by the heat budget analysis
of the ML [Qiu and Kelly, 1993; Deser et al., 1996; Alexander et al., 2000; Yasuda et al., 2000; Tomita et al.,
2002; Vivier et al., 2002; Qu, 2003; Kelly, 2004; Qiu et al., 2004; Dong et al., 2007; Kako and Kubota, 2009; Kang
et al, 2010]. Although many of them investigated the heating season as well, most of the results are based
on mixed layer model results, and thus affected by the uncertainties of the model prediction.

Unlike during winter, the heat budget of the ML during summer is found to be dominated by the surface
heat flux, and the contribution from horizontal heat transport is often negligible, because of the shallower
MLD and smaller horizontal temperature gradient [Qiu and Kelly, 1993; Qu, 2003; Liu et al., 2005].

With an aim to understand how much SST increases responding to surface heating, we attempt to address
three critical questions in the present paper: (1) how deep the MLD is, (2) how much heat flux occurs across
the MLD, and (3) how much horizontal heat transport contributes to the heat budget of the ML. For this pur-
pose, we investigate the variations of MLD, SST, heat content, and the heat flux across the MLD in the North
Pacific, in response to surface heating, by analyzing observation data.

2. Data and Methods

The following two data sets were used in the present study; the Argo data set for temperature profiles in
the upper ocean [Argo Science Team, 2001] and the National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis 1 data set (NCEP-1) for the surface heat flux and
wind stresses [Kalnay et al., 1996]. Over 100,000 units of Argo profile data are produced each year since
1998, subject to consistent quality control. The accuracies of temperature, salinity, and pressure sensors on
the Argo floats are = 0.005°C, =0.01 psu, and *=2.4 dbar, respectively. The NCEP-1 data provide both wind
stress and heat flux data during the period corresponding to the Argo data (1998-2007). The Argo and
NCEP-1 data were used together in many previous works [Ohno et al., 2004, Dong et al., 2007; Holte et al.,
2012]. In order to examine how the results can be affected by the surface heat flux data, we also compared
the results using the heat flux from the Objectively Analyzed Air-Sea Fluxes (OAFlux) data [Yu et al., 2004].
The NCEP-1 data are still used for the wind stress data in this case, however, because the wind stress data
are not available yet from the OAFlux data.

The domain of analysis was the latitudinal zone of 10°N-50°N in the North Pacific. For analysis, the monthly
mean data in the period from 1998 to 2007 were obtained from both Argo and NCEP-1, and remapped by
multilinear interpolation with a 2° X 2° spatial resolution. Temperature data from each Argo profile within a
grid cell were interpolated to a profile with 5 m intervals, and MLD was calculated from individual profiles,
before the spatial and temporal averages were carried out.

The remapping filtered out the signals of mesoscale eddy variability. The data for MLD were obtained using
the criterion of temperature difference from SST by 0.2°C from each profile, as in Hosoda et al. [2010]. The
MLD data based on the criterion by 0.5°C were also obtained for comparison. Here the temperature at
z=5 m was regarded as SST. Data were analyzed for the period during April-August, corresponding to the
heating season in the North Pacific, and the data with negative surface heat flux were eliminated.

The surface buoyancy flux By is calculated by Bo=(g/p)(2Qo/cp+ iSoHo), Where Qq is the surface heat flux,
Ho is the surface freshwater flux, o= —p~'0p/0T, B=p '0p/0S, p is density, g is gravitational
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Figure 1. Seasonal variations of surface heat flux (open circle), frictional velocity (filled square), and vertical temperature profiles (colored shades). Also plotted are the variations
of h, obtained from the two different temperature criteria (solid: AT = 0.2°C, dashed: AT=0.5°C). (a) 15°N, 180°E, (b) 40°N, 180°E.

acceleration, Sq is the surface salinity, and ¢, is the heat capacity of sea water. Contributions from Hy to By,
and the effect of salinity on the determination of MLD are neglected in the present analysis, as they are
expected to be insignificant during summer in most regions of our interest. Sensitivity tests are carried out
to examine these effects, however.

3. Results

3.1. Seasonal Variation of the Upper Ocean and the Atmospheric Forcing

In order to understand the general feature of the upper ocean response to the atmospheric forcing, we plot
the seasonal variations of surface heating (Qp), the frictional velocity (u.), and temperature (T) profiles at
high and low latitudes (¢ = 15°N and 40°N) in Figure 1. Superimposed on the temperature profiles are the
variations of MLD, obtained with the temperature difference from SST by 0.2°C and 0.5°C.

The seasonal variation of the mixed layer shows a quite different pattern, depending on the latitude. At the
high-latitude ocean, strong surface heating leads to the formation of a seasonal thermocline from the deep
mixed layer of uniform temperature that is produced by convection during the previous winter. The MLD, h,
decreases significantly with time until June as surface heating increases. It does not vary much thereafter
until August, but temperature continues to increase, not only within the ML, but also below h, indicating
the heat flux across MLD. On the other hand, in the low latitude, MLD is shallower than 100 m throughout
the year, and only a small decrease of h is observed after the start of surface heating in May. Surface heating
is much weaker compared to that in the high-latitude ocean. Figure 1 also shows that h obtained from the
different criteria of temperature difference from SST (0.2°C versus 0.5°C) is almost identical in summer,
although they differ in winter.

Latitudinal contrast can be clearly identified in the distributions of atmospheric forcing and MLD in May
and July (Figure 2). Surface heating is stronger in the high-latitude ocean (¢ > 30°N), and weaker in the low-
latitude ocean (¢ < 30°N), which reflects a large SST difference between two regions. Meanwhile, wind
stress is weaker in the high-latitude ocean, and stronger in the low-latitude ocean. Accordingly, MLD
decreases greatly in the high-latitude ocean, but it does not vary significantly in the low-latitude ocean.
Figure 3a indeed shows that the rapid decrease of h larger than 60 m occurs only in the high-latitude ocean
north of 30°N during the early period of surface heating (March-June). The rapid decrease of h does not
occur any more even in the high-latitude ocean, however, during the later period of surface heating (June-
August) (Figure 3b). Figures 2 and 3 also show that the boundary between the high-latitude and
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Figure 2. Distributions of the (top) downward surface heat flux, (middle) frictional velocity, and (bottom) h. (a) May and (b) July.

low-latitude regimes tends to shift slightly northeastward, especially in the ocean along the west coast of
North America, reflecting weaker seasonal variation of the atmospheric forcing there.

This suggests the possibility that the dynamical process controlling the upper ocean variation may be differ-
ent between the high-latitude and low-latitude oceans. Theories of the seasonal thermocline formation
[Kraus and Turner, 1967; Goh and Noh, 2013] considered the situation in which a seasonal thermocline is
formed under surface heating from the well-mixed layer without stratification. This condition is well satis-
fied during the early period of surface heating in the high-latitude ocean. On the other hand, in the
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Figure 3. Distributions of the difference of h from (a) March to June and (b) June to August.
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Figure 4. Scatter plots between h// and L// in the domains of (top) ¢ < 30°N and (bottom) ¢ > 30°N. Red circles with vertical bar repre-
sent average and standard deviation of h//. Dashed lines represent the regression line, corresponding to Table 1. (a) April-June and (b)
July-August.

low-latitude ocean, stratification, or a thermocline, already exists in shallow depths, probably shallower than
the depth at which a seasonal thermocline is supposed to form from the well-mixed layer under the condi-
tion of weak surface heating and strong wind stress. As a result, the response of the upper ocean to surface
heating, or the formation of a seasonal thermocline, can be strongly affected by the preexisting thermocline
in the upper ocean.

3.2. The Mixed Layer Depth
If the depth of a seasonal thermocline, or equivalently the MLD during the heating season, h is determined by
fas well as u, and By, if the initial temperature profile is uniform. Dimensional analysis leads to the relation

h/)=®(L/2). (n

For example, the scaling of h as h o L [Kraus and Turner, 1967] and h (L/I)”2 [Goh and Noh, 2013] corre-
spond to h// o (L/2)" with y = 1 and 1/2, respectively.

Considering the different characteristics of the upper ocean response to surface heating, as shown in Fig-
ures 1-3, we plot the scatter plots of h/A versus L/ for four groups of data (the early heating period versus
the late heating period, and the high-latitude ocean versus the low-latitude ocean) (Figure 4). Here in order
to help identify the characteristics of the high-latitude and low-latitude oceans more clearly, the data with
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small MLD decrease from March to June (JAh| <30 m) in the high-latitude ocean, and the data with large
MLD decrease (JAh| > 60 m) in the low-latitude ocean, shown in Figure 3, are filtered out.

Figure 4 shows that the relation h (L}.)m, predicted by Goh and Noh [2013], can be observed only during
the early heating period in the high-latitude ocean. In other cases the data are better represented by the
relation h o /. For example, for the relation h/i=A(L/7)’, or h=ALF)(""P, the linear regression gives
A=1.71and f = 0.47 during the early hearing season in the high-latitude ocean with the standard error of
estimate (SE) 0.14 m, and A= 0.24 and f = 0.03 is obtained with SE =0.13 m during the whole heating
period in the low-latitude ocean. The proportional constant in the relation h=A(L/1)1/2 from observation
data (A =1.71) is larger than LES results (A = 0.5) from Goh and Noh [2013], probably because of the large
difference between the data sets in temporal and spatial resolutions (e.g., monthly mean data in the present
case), in the methods of calculating MLD, and the absence of the heat flux across the MLD in LES. The rela-
tion h o L, suggested by Kraus and Turner [1967], is not found anywhere in Figure 4, and therefore the pos-
sibility of this scaling is clearly excluded.

Yoshikawa [2015] also found the relation h (Li)”z, when he analyzed the data of decreasing MLD in late
spring, under the condition that By is larger than a critical value and increasing with time and u.. decreasing
with time. It precluded the data leading to the relation corresponding to h o 4 in Figure 4. On the other hand,
Lozovatsky et al. [2005] obtained the relation h = 0.44/. in spring in the Atlantic Ocean near 53°N, in which the
contribution from surface heating is much smaller than that from wind stress in the TKE budget of the ML.

Our present results reveal that the idealized formation of a seasonal thermocline from the well-mixed upper
ocean under surface heating, which was considered in the mixed layer model [Kraus and Turner 1967] or in
LES [Goh and Noh 2013], is relevant only in the high-latitude ocean, especially in the early period of surface
heating. In the low-latitude ocean, a thermocline already exists above the depth at which a seasonal ther-
mocline is supposed to form under the surface heat flux and wind stress. It is found indeed that the pre-
dicted depth of a seasonal thermocline, calculated by h=ALP;0"P) with A=1.71 and f =0.47, is much
deeper than the preexisting MLD in the low-latitude ocean. In this case h is controlled rather by 4, which
represents the vertical extent of the downward transport of the wind stress. The tendency of h « 4 during
the late heating period in the high-latitude ocean also reflects the fact that the MLD already exists at a shal-
lower depth (Figure 4b).

The present result indicates that h is affected by the value of the preexisting MLD, hy, in addition to u,, Qo,
and f. In this case the relation for h can be modified to h (Li)”zd)[ho/(L)L)”Z], and the present results can
be interpreted as h o (L2)"/? for ho/(L7)"/? > 1, but h o hg o A for he/(L2)"/? < 1.

If his affected by the preexisting thermocline, h can be affected by the stratification at the thermocline as
well. For example, Pollard et al. [1973] suggested that the initial MLD growth by wind mixing can be scaled
by u*/(fN)”Z, where N2 is the stratification below the ML. Therefore, we compare the relation of h with .
and u*/(fN)l/2 (Figure 5). Here the value of N(z = h) of the previous month is used so as to represent preex-
isting stratification. Figure 5 shows that h is scaled better by / than by u*/(fN)W. It is important to mention
that the monthly mean MLD does not increase with time during the heating season, and thus the stratifica-
tion below the MLD may not play an important role in determining h, contrary to the case of the mixed
layer deepening by wind mixing and convection.

In order to examine the robustness of the present results, we performed various sensitivity tests using dif-
ferent analysis methods, and compared the values of A, f5, and SE with the present analysis (CTL) (Table 1).
Experiment A used all data without filtering out the data with large/small Ah in the low-/high-latitude ocean
(Figure 3). Experiment B excluded the radiation penetration across the MLD in calculating Q. Experiment C
included the contribution of the surface freshwater flux (Ho) to By, and determined the MLD by the criterion
based on density (Agy = 0.03 kg m ™) instead of temperature (AT = 0.2°C). Finally, Experiment D used the
OAFlux data for heat flux instead of NCEP-1. Table 1 confirms that essentially the same conclusion can be
obtained from all these different methods of analysis.

The ratio of the contribution from the surface freshwater flux Hy to the surface buoyancy flux B, is shown in
Figure 6. It is found to be negligible in the high-latitude ocean. If a seasonal thermocline (or pycnocline) is
formed under surface heating from the deep well-mixed layer generated by winter convection during the
previous winter, MLD is expected to be essentially determined by temperature, since the contribution from

LEE ET AL.

UPPER OCEAN RESPONSE TO SURFACE HEATING 5636



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010800

(@ (b)
100 100

80 1

60 1

401

201

0 100 200 300 400 500 0 2 4 8 8 10
u./f w,/(fN)"”*

Figure 5. Scatter plots between (a) h and 4 (= u,./f) and (b) h and u*/(fN)”2 in the low-latitude ocean (¢ < 30°N).

Ho is negligible. On the other hand, in the low-latitude ocean Hy contributes to By significantly, mainly
because the magnitude of Qq is very small (Figure 2). Nonetheless, the MLD in this region is not affected by
By, as shown in Figure 4, and the relation h « 4 remains valid.

3.3. Heat Budget of the Upper Ocean

Figure 7 shows the distribution of monthly temperature increase at different depths down to z= 100 m in
May and July. In both cases, the downward heat transport from the sea surface reaches deeper in the Kur-
oshio Extension region where the subsurface shear associated with the Kuroshio generates vertical mixing
over a much deeper depth [Noh and Lee 2008]. The distribution of AT(z=60 m) in July suggests deeper
penetration of heat in the latitudinal zone (20°N-30°N) in the central Pacific, reflecting the deeper MLD
there (Figure 2). In the lower latitude (¢ < 20°N), MLD may be deeper, but the surface heat flux is very weak.

Figure 7 suggests that the downward heat transport from the sea surface in summer is largely limited to
z=100 m in the North Pacific. The domain averaged monthly temperature increase is estimated at each
depth (z= 5, 30, 60, and 100 m) as 1.16, 0.79, 0.19, and —0.02°C in May, and 1.29, 0.84, 0.11, and —0.07°C in
July, respectively.

The evolution of vertical profiles of the domain averaged AT(z) also supports that the downward transport
of the surface heat flux does not reach deeper than z= 100 m (Figure 8). In April, AT(z) decreases continu-
ously with depth from the sea surface, and almost disappears at z= 100 m. The penetration depth
decreases with increasing surface heat flux after May. Although small values of AT(z) reappear below

Table 1. Comparison of Regression Coefficients From Different Analysis Methods®

¢ <30°N ¢>30°N
A B SE A B SE
cTL 0.24 0.03 0.13 1.71 047 0.14
A 0.24 0.04 0.14 1.59 0.44 0.14
B 0.24 0.03 0.13 1.70 047 0.14
C 0.19 0.05 0.14 1.70 0.42 0.13
D 0.29 0.09 0.12 1.70 047 0.14

A is the case with no data filter in the high-latitude and low-latitude ocean, B with the exclusion of radiation penetration across the
MLD from Qo (water type 2), C with the inclusion of the contribution of the surface freshwater flux to By, and the determination of MLD
by Acy = 0.03 kg m~—3, D with the OAFlux data used for heat flux instead of NCEP-1. CTL represents the control experiment used for
analysis in the present work.
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Figure 6. Distributions of the ratio of the contribution of the surface freshwater flux to the total surface buoyancy flux. (a) May and (b) July.

z=100 m, its variation does not appear to be related to the variation of surface heating (e.g., the negative
AT during the strongest surface heating in July), suggesting that it is due to other factors such as the sea-
sonal variation of ocean currents.

The heat budget of the ML is expressed by

0

° ar
pcp[ % dz=(QO—Qh)+J Fdz. (2)
J-h h

Here F is the contributions from the horizontal heat flux convergence, including the advection by geostro-
phic and Ekman velocity and turbulent diffusion, Qj, is the heat flux across the MLD at z= h. The heat flux
across the MLD is usually assumed to occur by entrainment during the growth of MLD under surface cool-
ing, and thus estimated by Q,=pc,W.AT, where w, is the entrainment rate and AT (= T,,—T,) is the differ-
ence of temperature in the ML (T,,) and below the ML (T,). On the other hand, Q is not yet estimated
properly during the heating season, although it is often assumed to be zero based on w,=0 as in the bulk
mixed layer models [Kraus and Turner, 1967; Gaspar, 1988]. However, Figures 1 and 7 suggest that a large
amount of heat is transferred to below the MLD under surface heating, thus Q, cannot be neglected. Here-
after we refer the terms in the LHS of (2) as HCV (heat content variation), Qo as SHF (surface heat flux), and
the last terms in the RHS of (2) as OHT (ocean heat transport). All variables represent the monthly mean
values.

It is difficult to evaluate Qp, in (2). On the other hand, Figures 7 and 8 indicate that the heat flux almost dis-
appears at z= 100 m, so we consider the heat budget over the water column down to z= 100 m, instead
of down to z = h. In this case (2) is rewritten as

0 0
PCp J % dz=Qo+J Fdz, (3)

~ZH ~ZH

with z; = 100 m. Here z represents the maximum depth of the downward penetration of surface heating,
and thus the minimum depth with no vertical heat transport. We will refer the last term in the RHS of (3) as
OHT_zH. Equation (3) allows us to calculate OHT_zH by the difference of the other two terms. The tempera-
tures at the start and the end of the month, which is used to calculate 9T /9t in (3), are obtained from the
average of two monthly temperatures. The domain average of (3), as in Figure 8, gives that monthly mean
of the increase of heat content and the SHF for three months from May to July are evaluated as 79.92
Wm™2 and 78.68 Wm ™2, respectively. It supports further the assumption of no heat transport across
z =100 m, if the heat transport across the lateral boundary across the whole domain is neglected.

Among the contributions to the ocean heat transport, the advection by geostrophic and Ekman velocity
and turbulent diffusion, the contribution from Ekman advection, EKA, can be obtained directly from the
wind stress field [e.g., Tomita et al., 2002; Kang et al., 2010], as

ppUe - VT, 4)

where Ug=1tXk/(pf), 1 is the surface wind stress vector, and k is the vertical unit vector. Figure 9 shows
mainly negative and positive contributions from EKA in the high-latitude and low-latitude ocean in
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Figure 7. Distributions of temperature increase at z =5, 30, 60, and 100 m. (a) May and (b) July.

accordance with the dominant wind direction, but their magnitudes are much smaller than SHF. Table 2
indicates that the domain averaged contribution from EKA is only about 7.6% and 4.1% of that from SHF in
May and July in the high-latitude ocean.

Contrary to the vertical component of turbulent velocity responsible for vertical mixing, the horizontal com-
ponents of mean and turbulent velocity responsible for advection and lateral mixing are not affected by
stratification directly. Therefore, geostrophic advection and lateral diffusion by mesoscale eddies are
expected to be insensitive to stratification or MLD. Especially in the Kuroshio region, in which the contribu-
tion of the ocean heat transport is the largest, the depth scales of both the Kuroshio and mesoscale eddies
in the KE region are larger than 100 m, regardless of season [Kagimoto and Yamagata, 1997; Qiu and Chen,
2005; Yim et al, 2010]. Furthermore, the vertical variation of horizontal temperature gradients down to
z=100 m is usually much smaller than the horizontal temperature gradient itself. As a result, one can
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50 - ~ from observation data, which show that the transport

decreases only by 4% from the surface to the depth

75 1 f z=100 m. On the other hand, Ekman advection is

mainly limited to the mixed layer, because the Ekman

1001 spiral is limited by the seasonal thermocline [Goh and

E Noh, 2013]. Based on these features, we assume that

— 1251 the contributions from geostrophic advection and lat-

B eral diffusion are uniform in the upper 100 m, and esti-
150 1 mate OHT by

175 1 — APR OHT=(h/zy)(OHT_zH—EKA) +EKA. (5)

200 1 MAY Figure 9 shows the distributions OHT obtained in this

— JUN way, together with SHF, EKA, and HCV. In the high-

295 | — JUL latitude ocean, OHT is much smaller than SHF except

— AUG near the Kuroshio region. On the other hand, in the

250 ] . . : : lower latitude, where SHF is small, OHT is often compa-

-03 0 03 06 09 1.2 1.5 rable to SHF. Table 2 indicates that the domain aver-

AT [oc] aged |OHT| in May and July are only about 15.7% and

8.0% of |SHF| in the high-latitude ocean, including the

Figure 8. Evolution of vertical profiles of the domain- Kuroshio region, whereas they are 36.2% and 35.3% in

averaged AT(z) from April to August. the low-latitude ocean. Previous analyses also sug-

gested that OHT is much smaller than SHF during
summer in the mixed layer in the western North Pacific, because of shallower MLD and smaller horizontal
temperature gradient [Qiu and Kelly, 1993; Qu, 2003; Liu et al., 2005]. Meanwhile, SHF + OHT is much larger
than HCV in July in the high-latitude ocean (Figure 9), suggesting the existence of large Q.

The relation between MLD and the increase of SST, represented by AT(z=5 m) in Figure 7, can be under-
stood from the heat budget analysis discussed above. In the highest latitude (40°N-50°N), AT(z=5 m) is
less than in the lower latitude (25°N-40°N), in spite of the maximum Qy, because of the deeper MLD. On the
other hand, higher AT(z=5 m) along the Kuroshio in spite of weaker Qq (Figure 2) indicates the contribu-
tion from OHT.

If geostrophic advection and turbulent diffusion occur uniformly in the upper ocean, as assumed above,
they may not induce stratification in the upper ocean, unlike the surface heat flux, and they may not affect
the depth of a seasonal thermocline, which is determined by the balance between turbulent mixing and
stratification. On the other hand, Ekman advection can modify the effective surface heat flux Q, as it is lim-
ited to the mixed layer. Nonetheless, its magnitude is very small compared to SHF in the high-latitude ocean
(Figure 9, Table 2), where h is expected to be controlled by Q.

3.4. Heat Flux Across the Mixed Layer Depth

Figure 1b suggests that a significant amount of heat flux occurs during the late summer in the high-latitude
ocean. Figure 7 also shows that surface heat flux penetrates much deeper than MLD. Therefore, it is impor-
tant to estimate the heat flux across the MLD Qp, as well as h and OHT, in order to predict the increase of
SST under surface heating.

Figure 10 shows the distributions of Q,/Qo, where Qj, is calculated from (2) by residual. It shows that there
are many regions with Q,/Qo > 0.5, especially in most regions of the high-latitude ocean in July. It is a con-
trast to the cooling period, where Q, occurs mainly through the increase of MLD by entrainment. On the
other hand, Q,/Qo is generally small in the high-latitude ocean in May, when MLD is deeper, suggesting
that the heat flux across the MLD may not be significant during this period. Comparison of Figures 2 and 10
reveals the tendency of large Q,/Qq in the region with shallower MLD. A scatter plot between Q,/Qq and h
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Figure 9. Distributions of heat budget contribution from (top) SHF, (upper middle) OHT, (lower middle) EKA, (bottom) HCV. (a) May and (b) July.

confirms this tendency (Figure 11). It is also found that, in some regions in the low-latitude ocean, where
OHT is large and SHF is small, Q,/Qq can be even larger than one.

Several mechanisms can be con-
sidered for large values of Q.

Table 2. The Domain Averages of the Absolute Values of SHF, OHT, EKA, and HCV . X
One can expect the contribution

May July L. X
from radiation penetration across
Wm™?] $<30°N ¢>30°N $<30°N ¢ >30°N MLD gp, since h is small. Espe-
(|SHF]) 55.0 127.1 513 156.3 cially a negative correlation
(|oHT]) 19.9 20.0 18.1 125 between Q;/Qo and h, as shown
(|EKA|) 14.4 9.7 83 6.3 A . .
(JHev]) 322 683 G P in Figure 11, suggests its contri-

bution in Q. In order to assess
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Figure 10. Distributions of Q,/Qo (Blank areas are the regions with negative Qq, as observed in Figure 2). (a) May and (b) July.

its contribution, we consider two different types of radiation penetration, i.e., waters of type 1a and 2 from
Paulson and Simpson [1977], as in Vivier et al. [2002]. Figure 12 shows the distributions of g,/Qp for both
water types. Here the regions with Q,/Qo < 0.1 are not included, which is regarded as the region without
significant heat flux across the MLD. The contribution of radiation penetration to Qp, is important in the low
latitude; for example, gn/Qn > 0.5 when water type 1a is assumed. On the other hand, in the high-latitude
ocean g,/Qp is much smaller than one, regardless of water type. It implies the existence of other processes
contributing to Q. The existence of other processes can also be inferred from the fact that the penetration
depth of surface heat flux continues to increase with time to the depth beyond solar radiation penetration
(Figure 1b).

One can also expect various sources of turbulence below the ML, including internal wave breaking and sub-
surface shear. Turbulence, and thus vertical mixing, is found to be maintained at a certain level at the sea-
sonal thermocline during summer [e.g., Gregg 1987]. In addition, entrainment arising from day-to-day
changes of MLD under the high-frequency variation of atmospheric forcing can also contribute to Qy, if the
heat budget is calculated based on the monthly MLD [Alexander et al., 2000; Vivier et al., 2002; Qu, 2003]. Qiu
et al. [2006] and Cronin et al. [2013] observed a large amount of heat flux across the MLD in the Recircula-
tion Gyre of the Kuroshio Extension region, either from the monthly Argo data [Qiu et al., 2006] or from the
daily field observation data [Cronin et al., 2013], and they attributed it to the enhanced diffusivity due to
large inertial shear generated by wind events associated with tropical cyclones. It illustrates the
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Figure 11. Scatter plots between Q,/Qo and h (Data with Qp < 0 and Q4 < 0 are excluded.). (a) ¢ <30°N and (b) ¢ > 30°N.
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Figure 12. Distributions of g5 /Qj, from (top) water type 1a and (bottom) water type 2 (Blank areas are the regions with Q,/Qo < 0.1). (a) May and (b) July.

contributions of both turbulent transport to below the MLD and the entrainment arising from day-to-day
changes of MLD.

Neither the turbulent transport to below the MLD nor the day-to-day changes of MLD arising from the
high-frequency atmospheric forcing are resolved in the ocean general circulation model (OGCM) and thus
must be parameterized in terms of the vertical mixing coefficient below the MLD K,. Figure 13 shows the
distributions of K, for each water type, which is calculated by using the relation K,0B/9z=Qx—qgp. K, was
not calculated in the region with g,/Qp > 0.9, assuming that the contribution by turbulent mixing is

-3.2 -3.2
-3.4 -3.4
-3.6 -3.6
-3.8 -3.8
4 -4
-4.2 -4.2
[m's] | )

‘ — 10N =_
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Figure 13. Distributions of log (K, ) from (top) water type 1a and (bottom) water type 2 (Blank areas are the regions with g,/Q, > 0.9). (a) May and (b) July.
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Figure 14. Distributions of heat budget contribution from (top) SHF and (bottom) OHT from OAFlux data. (a) May and (b) July.
insignificant. The value of K, in the high-latitude ocean in July is estimated as K, ~ 10" *=10"> m? s,
which is comparable to the estimations by Qiu et al. [2006], Cronin et al. [2013], and Hosoda et al. [2015].

Note that bulk mixed layer models [Kraus and Turner, 1967; Gaspar, 1988], which is widely used for the heat
budget analysis in the upper ocean [Qiu and Kelly, 1993; Yasuda et al., 2000; Vivier et al., 2002; Qu, 2003; Kelly,
2004; Dong et al., 2007; Kako and Kubota, 2009], usually assume Qp—qx=0 during the heating season, if wind
stress and surface heat flux do not change with time. The present result suggests that the prediction based on
the assumption of Q,—g,=0 can overestimate the increase of SST ATs substantially, especially when h is small.

3.5. Sensitivity to Surface Heat Flux Data

Since the surface heat flux plays an important role in the estimation of the present results, such as OHT and
Qp, it is important to examine how the present results are affected by the surface heat flux data. For this pur-
pose, analysis is repeated by using the heat flux data from the OAFlux data. Figures 14 and 15 show the distri-
butions of heat budget contribution and Q/Qq from the OAFlux data, corresponding to Figures 9 and 11.

The OAFlux data in Figure 14 shows larger SHF in the low-latitude ocean, and thus smaller latitudinal varia-
tion than the NCEP-1 data. Yu et al. [2004] suggested that the NCEP-1 data tend to overestimate low-level
clouds, and thus leading to the underestimation of solar radiation. As a result, OHT in the low-latitude ocean
(¢ < 30°N) tends to be more negative compared to the case in Figure 9, although the magnitude is small in

(a) (b)
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Figure 15. Distributions of Q,/Qo from OAFlux data (Blank areas are the regions with negative Qq, as observed in Figure 14). (a) May and (b) July.
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Figure 16. Distributions of Qj/Qo with the reduced ocean heat transport below the MLD (o = 0.5) (Blank areas are the regions with negative Qo, as observed in Figure 2). (a) May and (b) July.

both cases of data. Larger SHF also leads to larger Qy, in the low-latitude ocean. On the other hand, the dis-
tribution of OHT in the high-latitude ocean (¢ > 30°N) is not significantly modified. For example, the domain
averaged |OHT| in May and July, corresponding to Table 2, are about 17.5% and 8.6% of |[SHF| in the high-
latitude ocean, and 21.4% and 23.9% of |SHF| in the low-latitude ocean.

The general pattern of the distributions of Q,/Qo remains similar to those from NCEP-1 data, but the region
with Qn/Qo < 0.1 becomes smaller in the low-latitude ocean (Figure 15).

3.6. Sensitivity to the Uncertainty of OHT

In the present work, the heat budget of the mixed layer during summer has been estimated for the first
time without resorting to the model. For this purpose, we assumed that the downward penetration of the
surface heat flux is limited to z= 100 m and the contributions from geostrophic advection and lateral mix-
ing are uniform vertically up to z= 100 m. In order to assess the present results properly, it may be neces-
sary to estimate how Qy, is affected by this assumption.

If the ocean heat transport decreases with depth, (5) can be generalized to

h
OHT=——————— (OHT zH—EKA)+EKA, (6)
OCZH+(1 _OC)h
where « is the ratio of the mean value of F below the MLD (h > z < z4) to that above the MLD (0 < z < h)
in (3). The assumption in the present work corresponds to o« = 1.

In order to examine how Qj, is affected by o, we consider the case with a sufficiently small o; that is, «=0.5.
When OHT is calculated with 2=0.5 in (6), there is a slight increase of Q,/Qp in the western side of the low-
latitude ocean, which is affected by the Kuroshio (Figure 16). It means that the heat flux across the MLD
becomes even larger with «=0.5. We can regard that Q,/Qo from o = 1 (Figure 10) represents the minimum
estimation, although it is close to the real value, while the difference of Q,/Qo between the cases with
o= 0.5 and 1 indicates the level of uncertainty.

In the high-latitude ocean, OHT is much smaller than SHF, and thus Qp, is not expected to be affected signifi-
cantly by the accuracy of OHT except near the Kuroshio region. On the other hand, SHF and OHT are often
comparable in the low-latitude ocean. The comparison with the OAFlux data also reveals the uncertainty of
SHF in the low-latitude ocean (Figure 14). These factors can make the estimation of Qp in the low-latitude
ocean less reliable. Nonetheless, it is important to notice that the main conclusions of the present paper,
such as the estimations of Q and K, mainly concern the high-latitude ocean.

4, Conclusion and Discussion

In the present paper, we attempt to understand how much SST increases responding to surface heating.
For this purpose, we investigate the MLD, the heat budget of the ML, and the heat flux across the MLD dur-
ing the heating season in the North Pacific (10°N - 50°N) by analyzing Argo and NCEP-1 data.

Analysis reveals that the response of the upper ocean to surface heating shows different patterns depend-
ing on whether it is in the high-latitude ocean (¢ > 30°N) or in the low-latitude ocean (¢ < 30°N), and
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whether it is during the early heating period (April-June) or during the late heating period (June-August).
The different dynamical processes are due to the contrast in atmospheric forcing and the preexisting
stratification in the ocean. In the high-latitude ocean north of 30°N, where a seasonal thermocline is
formed from the deep winter mixed layer under strong surface heating, the MLD h is found to be scaled as
h < (Li)”2 during the early heating period, where L is the Monin-Obukhov length scale and 2 is the Ekman
length scale. On the other hand, in the low latitude south of 30°N, where the preexisting MLD is shallow
and the surface heating is weak, h is found to be scaled by 2 over the whole heating period.

The heat budget of the mixed layer shows that the ocean heat transport (OHT) is much smaller than the sur-
face heat flux (SHF) except near the Kuroshio region in the high-latitude ocean. On the other hand, in the
lower latitude, where SHF is small, OHT is often comparable to SHF. The heat flux across the MLD Q
becomes significant, when h is small. Especially Q,/Qq is larger than 0.5 during the late heating period in
most regions of the high-latitude ocean. It is found that Q cannot be explained in terms of radiation pene-
tration only, especially in the high-latitude ocean, and turbulent mixing across the MLD must play an impor-
tant role. The estimation of eddy diffusivity K, in the high-latitude ocean K, ~ 107%*=1072 m? s is

consistent with previous estimations [Qiu et al., 2006, Cronin et al., 2013].

The present analysis does not support two important implications in the Kraus and Turner [1967] model,
which is widely used for the heat budget analysis in the upper ocean; that is, the depth of a seasonal ther-
mocline proportional to the Monin-Obukhov length scale (h o L) and no heat flux across the MLD under
surface heating (Q,—g,=0).

Sensitivity tests were carried out in order to investigate the effects of uncertainty in the SHF data and in the
method of calculating OHT. It was found that the main conclusions of the present paper, such as the estima-
tions of Q, and K, in the high-latitude ocean, are not affected significantly by this uncertainty. Nonetheless,
it is important to improve the accuracy of SHF and OHT in the future study. Especially recent reanalysis
products, which aim to improve the NCEP-1 data, can be utilized, such as CFSR from NCEP [Saha et al.,
2010], ERA-Interim form ECMWEF [Dee et al., 2011], MERRA from NASA [Rienecker et al, 2011], and JRA-25
from JMA [Onogi et al., 20071].

In spite of its importance in the coupled ocean-atmosphere system, there still exist relatively few investiga-
tions of the dynamical process or the heat budget of the summer mixed layer. We hope that further investi-
gations in the future can quantify various uncertainties, such as the variability of MLD, the heat flux across
the base of the ML, and its relation to the upper ocean dynamics, possibly with the help of the ocean
model. It will also be interesting to examine how the response of the upper ocean to surface heating, pro-
posed in the present work, plays a role in summer-time air-sea interaction and climate variation.
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