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Abstract Based on eddy-rich (0.1° horizontal resolution for ocean) Community Earth System Model
simulations, we compute the Ekman pumping induced vertical eddy heat flux using two formulations: the
classical and the Stern-Ekman pumping. The two mechanisms yield similar patterns in the eddy-induced
vertical heat flux, showing strong upward heat flux in ocean frontal regions such as the western boundary
current regions. Using the Gulf Stream Extension region as an example, we estimate (1) the Stern-Ekman
pumping induced eddy heat flux is 23% and 12% of the total vertical eddy heat flux at 50 m depth during
summer and winter, respectively; (2) the classical Ekman pumping accounts for 82% and 88% of the Stern-
Ekman pumping induced eddy heat flux at 50 m during summer and winter, respectively. The second
finding indicates eddy current feedback on wind stress is the primary cause for the upward eddy heat flux
generated by Ekman pumping.

Plain Language Summary The classical Ekman pumping is well-known for its role in
driving global ocean circulations. Stern-Ekman pumping modifies the classical Ekman pumping by taking
into consideration of ocean eddy vorticity. In this study, we investigate the Ekman pumping induced eddy
vertical heat flux using the two formulations above. Based on an eddy-rich climate model simulation, we
find the eddy heat flux induced by the Stern-Ekman pumping can account for ~10%-20% the total vertical
eddy heat flux at 50 m in eddy-rich ocean frontal regions, such as the Antarctic circumpolar region and
the subtropical western boundary current regions. Comparison of the two Ekman pumping formulations
shows the classical Ekman pumping can account for the majority of the Stern-Ekman pumping induced
eddy heat flux, although the classical Ekman pumping generates much weaker vertical motions than the
Stern-Ekman pumping. The results of this work suggest that parameterizing vertical eddy heat flux within
the upper ocean mixed layer should take into consideration of the wind-forced eddy heat flux component.

1. Introduction

Ekman pumping refers to the vertical motions induced by winds (Ekman, 1905). The classical Ekman
pumping theory predicts the Ekman pumping velocity is determined by the surface wind stress and the
Coriolis parameter (Risien & Chelton, 2008). Stern (1965) demonstrated that the geostrophic vorticity also
affects the vertical Ekman pumping and developed an expression for the Ekman pumping velocity that
accounts for the effects of geostrophic vorticity from ocean eddies (hereafter referred to as the Stern-Ek-
man pumping velocity). The classical and the Stern-Ekman pumping generate different vertical motions
within ocean eddies. For the classical Ekman pumping, upward or downward vertical velocity occurs near
the center of an eddy due to eddy current feedback on surface wind stress (Klein & Lapeyre, 2009; Martin
& Richards, 2001). The presence of ocean eddy currents causes an additional wind stress curl over ed-
dies, which induces upward or downward vertical velocity near the center of eddies (Figure S1). For the
Stern-Ekman pumping, Gaube et al. (2015) analyzed eddy composites based on satellite observations and
found upward and downward vertical velocities on the opposite flanks of eddies. In addition to different
velocity structures, the Stern-Ekman pumping has been shown to produce much stronger vertical motions
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than the classical Ekman pumping, particularly at submesoscales where eddy vorticity becomes very strong
(Mahadevan et al., 2008).

Vertical heat transports are of great importance to climate systems (Griffies et al., 2015; Jing, Wang,
et al., 2020; Siegelman et al., 2020; Wolfe et al., 2008). A variety of frontal processes in the upper ocean
generate vertical heat flux with a shallow peak in the surface layer (McWilliams, 2016). By comparing
climate simulations with different ocean model resolutions (1°, 0.25°, and 0.1° horizontal resolutions), Grif-
fies et al. (2015) showed: (a) transient mesoscale eddies act to transport heat upwards in the ocean; (b) a
near-surface peak in the transient eddy heat transport emerges as the ocean resolution increases from 1° to
0.1° grid spacing. Using Community Earth System Model (CESM) simulations with a 0.1° horizontal resolu-
tion for ocean, Jing, Wang, et al. (2020) found significant upward eddy heat flux with a peak at ~50 m depth
in the subtropical western boundary current regions. They suggested the large vertical eddy heat flux was
mainly attributed to an ageostrophic secondary circulation that acts to restore vertical shear in the frontal
region against destruction by turbulent mixing. Since the Ekman pumping can directly induce vertical mo-
tions within eddies (Gaube et al., 2015; McGillicuddy et al., 2008), here we examine the questions: To what
extent can the Ekman pumping (both the classical and the Stern-Ekman pumping) contribute to the vertical
eddy heat flux within the upper ocean mixed layer in eddy-rich ocean frontal regions?

The vertical heat transports driven by the Ekman pumping can be decomposed into a temporal mean flow
and eddy driven component. The mean flow component acts to generate downward heat transports (Cum-
mins et al., 2016; Griffies et al., 2015). However, to the best of our knowledge, the contribution to the total
vertical eddy heat flux from the Ekman velocity has not been quantified in the literature. Motivated by the
above discussion, the purpose of this work is to (a) compute and compare the vertical eddy heat flux in-
duced by the classical and the Stern-Ekman pumping; (b) quantify the contributions of the Ekman pumping
induced vertical eddy heat flux to the total vertical eddy heat flux. The data sets used in this work are from
an eddy-rich (0.1° horizontal resolution for ocean) global CESM simulation. The study is structured as be-
low: we describe the methodology in Section 2, summarize the results in Section 3, and present discussion
and conclusions in Section 4.

2. Methodology
2.1. Model Description

The simulation used in this study is a 4-year extended run of a present-day climate simulation (year 2000
greenhouse gas conditions with a fixed CO, concentration of 367 ppm) using a high resolution configura-
tion of the CESM (Hurrell et al., 2013) described by Small et al. (2014). This CESM configuration consists
of the Community Atmospheric Model version 5 (CAMS5, Neale et al., 2010) with a spectral element (SE)
dynamical core at 0.25° horizontal resolution and 30 levels in the vertical and the Parallel Ocean Program
version 2 (POP2, Smith et al., 2010) with a nominal horizontal resolution of 0.1° and 62 vertical layers. The
vertical resolution in the upper 100 m of the ocean model is 10 m. CAMS5 and POP2 communicate with a
coupler every 10 min and 6 h, respectively (Small et al., 2014). The coupler collects sea surface temperature
from ocean and provides the updated surface flux computed using the Large and Yeager (2009) scheme.
More details about this high resolution CESM simulation can be found in Small et al. (2014). The 4-year
extension of this simulation outputs daily mean model variables, including surface wind stress, sea surface
height, ocean temperature and vertical velocity, which will be used in this study.

2.2. Classical and Stern-Ekman Pumping Vertical Velocities

The classical Ekman pumping velocity (W) is computed as:

1 T
Weg = —Vx—, 1
Po S W

where P = 1,020 kg/ m? is the reference density of sea water, fis the Coriolis parameter, and 7 is the surface
wind stress vector (Risien & Chelton, 2008). The surface wind stress is calculated as
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= p,Cp(U, -U,)|U, -U,), )

where P, is the air density, Cj, is the drag coefficient, U, and U, are the vector velocities for ocean and at-
mosphere, respectively. The presence of ocean eddy currents, U,, modifies surface wind stress and affects
Wc over eddies (e.g., Martin & Richards, 2001). We emphasize that even though atmospheric process has
large spatial scales, W can have ocean eddy scales because of the eddy current feedback on wind stress
in Equation 2 (Renault et al., 2017). We will demonstrate later that this influence of ocean eddies on W,
accounts for the majority the Stern-Ekman pumping induced vertical eddy heat flux.

Stern (1965) formulated the Ekman pumping velocity (W) associated with geostrophic vorticity from
ocean eddies using:

WSE:pLOVszég’ 3)
% = %;” - %” @)
v, = ?Z—Z (6)

where &, is the vertical component of the geostrophic vorticity vector, g is the acceleration due to gravity,
7 is the sea surface height, 4, and v, are the geostrophic currents in zonal and meridional directions. Wy,
is not defined if f + &, ~ 0, namely, fand &, are of opposite signs and of same amplitude. Stern (1965) pro-

posed this Ekman pumping velocity assuming geostrophic Rossby number (Ro, = 7;;) is less than O(1). In

eddy-rich ocean frontal regions such as Kuroshio and Gulf Stream Extension regions, Ro, computed from
the model outputs barely exceeds 0.5 (Figure S2). This enables us to apply the Stern-Ekman pumping in
this study. Compared with Equations 1 and 3 shows the presence of ocean eddies affects Wy, in two ways
through eddy current feedback on wind stresses (Equation 2) and modification of the local Coriolis param-
eter f'by the geostrophic vorticity &, from ocean eddies.

2.3. Vertical Eddy Heat Flux

Vertical heat transports in the ocean can be decomposed into contributions from the mean flow and eddies.
The purpose of this work is to investigate the contributions of Ekman pumping velocity to the total vertical
eddy heat flux. Thus, in the rest of this document, “vertical heat flux” refers to the flux generated by eddy
fields.

The total vertical eddy heat flux (Qq4,) is estimated as:

Ocqay (x,y,z) = pOCpW’(x,y,z,t)T'(x,y,z,t), (7)
W'(x,y,z,t) = W(x,y,z,t) - W(x,y,z,t), (8)
T'(x,y, z,t) = T(x,y,z,t) - T(x,y, z,t), 9)

where C, is the specific heat at constant pressure and the overbar denotes the time average over the sum-
mer or winter. The primed variables are deviations from the time average. Here we define boreal summer
(austral winter) as April to September and boreal winter (austral summer) as October to March. Positive flux
indicates upward heat transports.
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Analogous to Q,qay, vertical heat flux induced by the classical Ekman pumping (Qcx) and the Stern-Ekman
pumping (Qgg) are estimated as:

Qe (%:3:2) = PoC,pWeg (%, 3:1)T'(x,3,2.1), (10)

QSE(x,y,z) = pOCpWS'E (x,y,t)T'(x,y,z,t), (11)

Ekman pumping occurs at the bottom of the Ekman layer, commonly referred as the Ekman pumping

4.3U,
depth. The Ekman pumping depth (D,) can be parameterized as D, = —==%, where U,, is the wind speed

sin ( |0|)
and @ is the latitude (Pond & Pickard, 2013). At mid-latitude (¢ = 45°), D, varies with wind speed and ranges
from 26 to 102 m with wind speeds varying from 5 and 20 m/s. To show global patterns in the vertical eddy heat
flux generated by the classical and the Stern-Ekman pumping, we use a constant Ekman pumping depth of
50 m (Cummins et al., 2016), and compute heat flux using Equations 10 and 11 with temperature at 50 m. Since
the Ekman pumping depth varies with both wind speed and latitude, we also compute the Ekman pumping
induced vertical heat flux using Equations 10 and 11 with temperature at different depths from 10 to 110 m.

2.4. Eddy Composites

To explore the spatial structures of Qqr and Qg within eddies, we conduct eddy composites in the Gulf
Stream Extension region during the four boreal winter seasons using the simulation results. We use an eddy
identification and tracking algorithm developed by Kurian et al. (2011), which has been used in a number
of previous studies (Jing, Chang, et al., 2019; Liang et al., 2012). We identify eddies with simulated daily sea
level anomalies ranging from —1.5 to 1.5 m and eddy radii between 50 and 200 km. We choose these rang-
es by visually examining surface elevation anomaly contours in the Gulf Stream Extension region during
winter seasons. Following Frenger et al. (2013), we first scale identified eddies by its radius and rotate them
to align with the large-scale wind direction such that the winds are always westerly. The rotated eddies are
then averaged in time to generate eddy composites.

3. Results
3.1. Global Distribution

Significant upward Qeddy is noted in the eddy-rich ocean frontal regions such as the Antarctic c1rcumpolar
region and the subtropical western boundary current regions (Figures 1a and 1b). The mean Qeddy increases
from summer to winter, as is clearly seen in the Gulf Stream Extension region and the Kuroshio Extension
region (Figures 1a and 1b).

The classical and the Stern-Ekman pumping produce vertical eddy heat flux that bears a striking quahtatlve
similarity to Qec?dy in eddy-rich ocean frontal regions except for the weaker amplitude (Figures 1c-1f). QSE
and QCOE mostly transports heat upward except for the north Pacific Ocean (40°N- 50°N) during boreal win-
ter (Flgures 1d and 1f). Comparison between ng and ch reveals features in QSE are spatlally coherent
with QCE for a spatial scale over O(100 km) (Figures 1c-1f). The difference between Qg and QCE shows
smaller scales of variability (Figures 1g and 1h). To compare Q¢ and Qg; and characterize the contribu-
tions of Q¢ and Qg to Qeqay» We focus on the Gulf Stream Extension region as an example in the following
sections. Analysis of another subtropical western boundary current region, the Kuroshio Extension region,
shows similar results and is presented in the supporting information.

3.2. Gulf Stream Extension Region

Strong Qeddy is noted in the Gulf Stream Extens10n region between 35°N-42°N and 55°W-75°W (indicated
by the black box in Figure 2b). Averaging Qeddy over this region yields a more than twofold increase (from
36.2 to 85.8 W/m?) from summer to winter. Seasonal changes are also evident in vertical profiles (Figure 3).
During summer season, Q,qqy increases with depth in the upper water column from 10 to 110 m (Figure 3a).
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Figure 1. (a and b) Global distribution of total vertical eddy heat flux, (c and d) Stern-Ekman pumping induced vertical heat flux, (e and f) classical Ekman

pumping induced vertical heat flux, and

(g and h) the difference between the Stern and the classical Ekman pumping induced vertical heat flux during boreal

summer (left column) and winter (right column). Superscript 50 m means the vertical heat flux is estimated at 50 m depth, see Section 2.3 for details. Different
color ranges are used between the top panel and the rest due to different vertical heat flux ranges. Since the Ekman theory is not applicable near the equator
where the Coriolis parameter vanishes, we do not show the results between 10°S and 10°N. Black boxes in (a) mark the four eddy-rich ocean frontal regions:
Kuroshio Extension (KE) region, Gulf Stream (GS) Extension region, Agulhas Return (AR) current region, and Brazil Current (BC) region, where significant

total vertical eddy heat flux is identified.

During winter season, Qcqqy first increases with depth and reaches a peak value close to 90 W/m? at 50 m,
then gradually decreases toward 110 m depth (Figure 3b).

From summer to winter, the mean Qégm (averaged over the black box region marked in Figure 2b) increas-
es by 27% from 8.3 to 10.5 W/m? (Figures 2c and 2d). Within the same region, the spatially averaged Q;Em
accounts for 23% and 12% of Q:;L[; during summer and winter, respectively. Comparison of Qg at different
depths shows a slight increase in Qg with depth compared to Q.qqy and at shallow depths (10-20 m) Qg is

more comparable to Qcqqy (Figure 3).

Comparison between Qggm and Qz(;m shows QZ‘;"“ can account for the majority of Qggm (Figures 2c-2h).
During summer and winter seasons, the mean Q(S;(,)_;m is 6.8 and 9.2 W/m®, accounting for 82% and 88% of
the mean Q;gm. Ocr, is generated by eddy current feedback on wind stress (Renault et al., 2017), while Qgz
is generated by both the eddy current feedback on wind stress and the modification of the local Coriolis
parameter by eddy geostrophic vorticity (see Sections 2.2 and 2.3 for details). The consistency between Qg
and Qg indicates the Stern-Ekman pumping induced vertical heat flux mainly results from the eddy current
feedback on wind stress, which is further explained by the eddy composite analysis below.
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Figure 2. (a and b) Total vertical heat flux, (c and d) Stern-Ekman pumping induced vertical heat flux, (e and f) classical Ekman pumping induced vertical heat
flux, and (g and h) the difference between the Stern and the classical Ekman pumping induced vertical heat flux at 50 m depth in the Gulf Stream Extension
region during summer (left column) and winter (right column). Different color ranges are used between the top panel and the rest due to different vertical heat
flux ranges. Black box in (b) marks the region (35°N-42°N, 55°W-75°W) of large total vertical eddy heat flux.

3.3. Eddy Composites of Ekman Pumping Induced Vertical Eddy Heat Flux

We conduct eddy composites in the Gulf Stream Extension region to show the spatial structures of QZ(,}‘“
and Qﬁ,‘j."’ within eddies (Figure 4). Snapshots of 6,995 cyclonic eddies and 3,813 anti-cyclonic eddies are
used to generate the eddy composites. Ekman pumping induced vertical heat flux in the eddy composites is
estimated using temperature at 50 m depth.

For the classical Ekman pumping, downward and upward vertical velocities occur near the center of cy-
clonic and anti-cyclonic eddies, respectively (Figures 4a and 4c). For cyclonic and anti-cyclonic eddies, the
presence of ocean eddy currents generates an additional negative and positive wind stress curl over eddies,
respectively. The negative and positive wind stress curls induce downward and upward vertical velocities
(Figure S1). The Stern-Ekman pumping produces dipole velocity structures in the opposite flanks of eddies
(Figures 4b and 4d), consistent with Gaube et al. (2015). Both cyclonic and anti-cyclonic eddies induce pos-
itive Qé(;m (Figures 4e and 4g). For cyclonic eddies, negative W and cold water temperature core generate
upward heat transport (Figures 4a and 4e). For anti-cyclonic eddies, positive Wz and warm water temper-
ature core produce positive chm (Figures 4c and 4g).

Qégm shows dipole structures in cyclonic and anti-cyclonic eddies, with the positive and negative values oc-
curring in the north and south sides of eddies (Figures 4f and 4h). For cyclonic eddies, the dipole patterns of
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Figure 3. Total vertical eddy heat flux, the classical and the Stern-Ekman
pumping induced vertical eddy heat flux during (a) summer and (b)

winter. All vertical profiles are spatially averaged within the black box
marked in Figure 2b, where large total vertical eddy heat flux is noted.
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WCE

QSE and Wy are opposite due to the negative temperature anomaly within
eddies. For anti-cyclonic eddies, the dipole patterns of QSE and Wy are
the same due to the positive temperature anomaly within eddies. Although
the amphtude of WSE is stronger than W (Figures 4a-4d), the magnitude
of QSE and QCE are comparable (Figures 4e—-4h). We attribute this to the
spatial mismatch between Wy, and temperature anomalies. For cyclonic
and anti-cyclonic eddies, the maximum temperature anomalies occur in
the eddy center while W reaches the maximum near the edge of eddies
(Figures 4b and 4d). In addition, the dipole patterns of W generate dipole
patterns of ng which cancels each other in terms of the spatial averages
(Figures 4b, 4d, 4f, and 4h). Thus, the large amplitudes of W do not con-
tribute much to the mean vertical heat flux and Q(S;E can account for the
majority of QSE . This is consistent with the results shown in Section 3.2.

4. Discussion and Conclusions

Upward heat flux in the upper ocean can result from a range of frontal
processes (McWilliams, 2016; Yang et al., 2021), some of which are param-
eterized in climate models (Fox-Kemper, Danabasoglu, et al., 2011). Unlike
mesoscale baroclinic instability, these processes occur at lateral scales finer

than O(100 km) and yield a peak in the vertical heat flux within the surface layer. In this study, we used a
coupled, global eddy-rich (0.1° and 0.25° horizontal resolutions for ocean and atmosphere) CESM simulations
to investigate the vertical eddy heat flux induced by one of these processes, namely, Ekman pumping, with
an emphasis on the comparison between the classical and the Stern-Ekman pumping. Our analysis shows
large classical and Stern-Ekman pumping induced upward eddy heat flux in the ocean frontal regions, such
as the Antarctic circumpolar region and the subtropical western boundary current regions, bearing a strong
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Figure 4. The first column shows the classical Ekman pumping velocity (a) and heat flux at 50 m depth (e) for cyclonic eddies. The second column shows the
Stern-Ekman pumping velocity (b) and heat flux at 50 m depth (f) for cyclonic eddies. The third column shows the classical Ekman pumping velocity (c) and
heat flux at 50 m depth (g) for anti-cyclonic eddies. The fourth column shows the Stern-Ekman pumping velocity (d) and heat flux at 50 m depth (h) for anti-
cyclonic eddies. Black dashed contours show eddy composites of temperature at 50 m depth. The number of eddies used for composites are shown on the title

at the top.
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similarity to the total vertical eddy heat flux. In the Gulf Stream Extension region, the amplitude of vertical
eddy flux is comparable to the total surface heat flux (Figure S7), consistent with Saenko (2015). Using the cou-
pled CESM simulations, Jing, Wang, et al. (2020) found significant upward eddy heat flux in the subtropical
western boundary current regions. They suggested the eddy vertical heat flux can be understood on the basis
of turbulent thermal wind balance (Gula et al., 2014) and results primarily from restoring of vertical shear
against destruction by turbulent mixing. Here we show that Ekman pumping in the presence of ocean eddies
can also contribute to the total upward eddy heat flux in near-surface ocean. In the Gulf Stream Extension
region, the area-averaged Qggm accounts for 23% and 12% of Q;?d? during summer and winter, respectively
(Figures 2a-2d). It is interesting to note that the mean and eddy Ekman pumping velocities contribute dif-
ferently to vertical heat transports. Through upwelling and downwelling, the mean Ekman flow brings cold
middepth water upwards and warm surface water downwards. Thus, the mean Ekman flow acts to transport
heat downwards (Cummins et al., 2016; Griffies et al., 2015). For the eddy-induced component, our results
indicate it contributes to the upward eddy heat flux (Figures 1la-1d), consistent with the results shown by
Morrison et al., (2013).

The classical Ekman pumping can account for the majority of the Stern-Ekman pumping induced ver-
tical heat flux, although the two Ekman pumpings produce different velocity structures within eddies.
The results of our eddy composite analysis show: (a) the classical Ekman pumping generates upward and
downward vertical velocities near the center of anti-cyclonic and cyclonic eddies, respectively (Figures 4a
and 4c¢); (b) the Stern-Ekman pumping produces dipole velocity structures within cyclonic and anti-cyclon-
ic eddies (Figures 4b and 4d). The spatial patterns of W and Wy within eddies are consistent with previous
studies (Gaube et al., 2015; Klein & Lapeyre, 2009; Martin & Richards, 2001). In addition, our results show

comparable magnitudes of ngm and Qé(,),:m within eddies (Figures 4e-4h), although the amplitude of Wy is
stronger than that of W¢ (Figures 4a-4d). We attribute this to the spatial mismatch between velocity and
temperature anomalies. For both cyclonic and anti-cyclonic eddies, the maximum W occurs near the edge
of eddies, while temperature anomalies mainly reside in the eddy center (Figures 4b and 4d). In addition,

0
the dipole patterns of Wy, produce upward and downward Q;Em, which cancel each other in terms of the
spatial averages. Thus, the large amplitude of W, does not contribute to large vertical heat flux and the

. 50 50 L . . . . .
amplitudes of Qg and Q. are comparable. This is consistent with our results in Section 3.2. The consist-

ency between Qégm and QéOEm indicates eddy current feedback on wind stress produces the majority of the
Stern-Ekman pumping induced heat flux.

Similar to the Ekman pumping, vertical heat flux generated by submesoscale process also occurs within mixed
layer (Fox-Kemper & Ferrari, 2008; Su et al., 2018). Based on a submesoscale eddy resolving numerical sim-
ulation with a horizontal resolution of ~2 km, Su et al. (2018) showed significant near-surface upward heat
flux in eddy-rich ocean frontal regions. During winter season, vertical eddy heat flux generated by the classical
Ekman pumping are ~10% of the vertical eddy heat flux shown by Su et al. (2018). Fox-Kemper, Ferrari, and
Hallberg (2008) developed a parameterization, based on baroclinic instability of submesoscale eddies and
fronts within mixed layer, to incorporate submesoscale processes induced vertical buoyancy flux in climate
models that do not explicitly resolve submesoscale eddies. Our results suggest the classical Ekman pumping
contributes to the upward eddy heat flux in eddy-rich regions. Thus, future work may need to consider includ-
ing the classical Ekman pumping induced eddy heat flux to the submesoscale parameterization.

Data Availability Statement

Data used for this study is accessible through https://datahub.geos.tamu.edu:8880/thredds/catalog/
CESM_4yr_2021Feb19/catalog.html.
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